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Active/Passive  Structural  Damping  Control  for  Rotorcraft  Systems 

INTRODUCTION 


Based  on  the  DoD  Rotary  Wing  Technology  Development  Approach  (RVW-TDA),  the 
objective  of  this  task  is  to  augment  inherent  lag  mode  damping  by  at  least  50%  by  the 
year  2000  and  to  strive  for  an  ultimate  increase  in  lag  mode  damping  of  100%  by  2005. 
Aeromechanical  stability  of  helicopters  is  a  nonlinear  phenomenon  involving  complex 
interactions  of  aerodynamic,  inertial  and  elastic  forces.  Current  advanced  rotor  designs 
tend  towards  hingeless  and  bearingless  rotors  due  to  reduced  life  cycle  costs  (fewer 
parts),  improved  hub  designs,  and  superior  handling  qualities.  For  example,  RAH-66 
Comanche  helicopter  incorporates  a  bearingless  main  rotor  (BMR).  Due  to  stress  and 
weight  considerations,  advanced  rotors  are  soft-inplane,  and  are  susceptible  to 
aeromechanical  instabilities.  Classical  ground  resonance,  caused  by  the  coupling  of  blade 
lag  motion  and  landing  gear  modes,  is  mitigated  in  conventional  articulated  rotors  using 
mechanical  lag  dampers.  However,  lag  damper  effectiveness  is  reduced  for  advanced 
rotors  due  to  small  displacements  near  blade  roots.  This  reduced  effectiveness,  coupled 
with  high  maintenance  cost,  and  weight/drag  of  mechanical  dampers,  and  high  cost  of 
elastomeric  dampers,  make  alternative  rotor  stability  augmentation  schemes  attractive. 
High  pay-off  may  result  from  application  of  magnetorheological  damper  technology  to 
the  bearingless  main  rotor. 

RESEARCH  OBJECTIVES 

Our  primary  objective  is  to  augment  the  aeromechanical  stability  of  bearingless  and 
articulated  rotor  systems.  We  will  focus  on  two  damping  strategies:  (1)  dampers  based  on 
magnetorheological  fluids,  (2)  Hybrid  elastomeric-magnetorheological  fluid-based 
dampers.  The  flexbeam  and  torque  tube  substructure  of  the  model-scale  rotor  will 
incorporate  adaptive  dampers  based  on  MRF  technology.  Key  aspects  of  the  damper 
design  will  be  undertaken  utilizing  quasi-steady  constitutive  models.  MR  fluids  exhibit  a 
reversible  change  in  yield  stress  as  magnetic  field  is  applied.  This  change  in  yield  stress 
can  be  exploited  in  the  design  of  a  damper  with  an  electromagnet.  The  key  performance 
criterion  will  be  the  damping  coefficient,  or  the  field  dependent  damping  over  the 
damping  in  the  absence  of  applied  field.  The  test  data  will  be  used  to  validate  analysis, 
and  demonstrate  utility  of  smart  active/passive  damping  control  concepts. 

APPROACH 

This  research  involves  analytical  and  experimental  studies  of  lag  mode  damping 
augmentation  strategies  using  smart  materials  and  structures  technology. 

An  electro-rheological  fluid  (ERF)  undergoes  dramatic  reversible  changes  in  dynamic 
yield  stress  when  electric  field  is  applied.  ERF  behavior  is  similar  to  elastomeric 
materials  whose  damping  varies  nonlinearly  as  a  function  of  frequency  and  amplitude. 
ERFs  have  a  disadvantage  in  that  high  electric  field  strengths  (~  3  kV/mm)  are  required 


to  fully  activate  ER  effects.  New  revolutionary  magneto-rheological  fluids  (MRFs) 
developed  can  be  activated  using  low  voltages  (e.g.  28V)  with  order  of  magnitude  higher 
dynamic  yield  stress.  We  are  developing  dampers  that  can  adapt  to  changing  flight 
condition  in  place  of  passive  mechanical  lag  dampers  for  articulated  rotors  and  passive 
elastomeric  snubber  dampers  used  in  bearingless  rotors.  Augmentation  of  passive 
damping  with  an  elastomeric  damping  components.  MRF-based  adaptive  dampers  will  be 
developed  and  implemented.  The  performance,  analysis,  and  dynamic  behavior  of  this 
class  of  dampers  will  be  characterized. 

KEY  ACCOMPLISHMENTS 

The  accomplishments  of  this  project  are  presented  as  a  collection  of  journal  publications 
in  the  appendices.  Theses  are  also  available  for  many  of  these  projects  as  pdf  files.  The 
manuscripts  are  listed  below: 
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Systems  and  Structures.  Vol.  9,  No.  8,  August,  pp.  642-649. 
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TECHNOLOGY  TRANSFER 

1 .  Provided  quasi-steady  design  tool  to  General  Dynamics  for  use  in  air  bag 
combustion  gas  flow  control. 

2.  Developed  design  tools  for  damper  design  and  tested  a  preliminary  design  under 
Army- Aberdeen  SBIR  project  (Dr.  Csaba  Zoltani  as  technical  monitor). 

3.  Met  with  Mr.  Eric  Kathe  at  Benet  Laboratories  to  discuss  recoil  systems  using 
MR  dampers  (August  2000). 

4.  Met  with  Dr.  Frank  Hoogterp  of  Army  TACOM  (Warren,  Michigan)  to  discuss 
automotive  shock  absorber  applications. 

STAFFING 

During  this  reporting  period,  Drs.  Young-Tai  Choi,  Dr.  J.-S.  Jeon,  and  Prof.  N.M. 
Wereley  contributed  to  the  progress  in  this  report.  Also,  numerous  students  contributed 
to  the  progress  in  this  effort  as  listed  below. 

1 .  Gopal  M.  Kamath  completed  his  Ph.D. 

2.  Li  Pang  completed  her  M.S. 

3.  Vijay  Madhavan  completed  his  M.S. 

4.  Rebecca  Snyder  (partially  supported)  completed  her  M.S. 

5.  Jason  Lindler  completed  his  M.S. 

6.  Radhakumar  Radhakrishnan  completed  his  M.S. 

7.  Glen  Dimock  completed  his  B.S: 

SUMMARY 

If  the  reader  of  this  report  has  any  questions,  please  contact  the  author  via  email: 
Wereley@eng.umd.edu. 


Idealized  Hysteresis  Modeling  of 
Electrorheological  and  Magnetorheological  Dampers 

.  Norman  M.  Wereley,*  Li  Pang  and  Gopalakrishna  M.  Kamath 

Smart  Structures  Laboratory,  Alfred  Gessow  Rotorcraft  Center, 

Department  of Aerospace  Engineering,  University  of  Maryland,  College  Park,  MD  20742 

ABSTRACT:  The  hysteresis  behavior  of  a  linear  stroke  magnetorheological  damper  is  character¬ 
ized  for  sinusoidal  displacement  excitation  at  2.0  Hz  (nominal).  Four  different  modeling  perspectives 
are  discussed  for  purposes  of  system  identification  procedures,  including:  (1)  equivalent  viscous 
damping,  (2)  nonlinear  Bingham  plastic  model,  (3)  nonlinear  biviscous  model,  and  (4)  nonlinear  hys- 
teretic  biviscous  model.  By  progressively  adding  model  parameters  with  which  to  better  represent 
pre-yield  damper  behavior,  the  force  vs.  Velocity  hysteresis  model  is  substantially  improved.  The 
three  nonlinear  models  represent  the  force  vs.  displacement  hysteresis  behavior  nearly  equally  well. 

Thus,  any  of  the  three  nonlinear  damper  models  could  be  used  equally  successfully  if  only  a  predic¬ 
tion  of  energy  dissipation  or  damping  were  of  interest.  The  nonlinear  hysteretic  biviscous  model  pro¬ 
vides  the  best  representation  of  force  vs.  velocity  hysteresis  of  the  four  models  examined  here. 


1.  INTRODUCTION 

Electrorheological  (ER)  and  magnetorheological 
(MR)  fluids  belong  to  the  class  of  smart  materials  that 
have  the  unique  ability  to  change  properties  when  electric  or 
magnetic  field  is  applied.  When  field  is  applied  to  an  ER  or 
MR  fluid,  this  change  is  primarily  manifested  as  a  substantia] 
increase  in  the  dynamic  yield  stress  of  the  fluid,  while  the  vis¬ 
cosity  remains  relatively  constant  (Carlson  et  al.,  1996). 
When  compared  to  ER  fluids,  MR  fluids  have  superior  prop¬ 
erties,  including  an  order  of  magnitude  higher  yield  stress, 
typically  50-100  kPa,  and  a  much  wider  operational  temper¬ 
ature  range,  typically  —40  to  150°C.  Because  the  rheological 
behavior  of  ER  fluids  is  qualitati^  of  MR 

fluids,  these  results  can  also  be  extended  to  ER  dampers. 

First,  we  present  the  hysteresis  behavior  of  a  linear  stroke 
magnetorheological  damper  for  sinusoidal  displacement  ex¬ 
citation  at  2.0  Hz  (nominal).  The  sinusoidal  steady  state  be¬ 
havior  is  of  interest  primarily  because  of  the  benefits  of 
damping  in  reducing  the  detrimental  effects  of  resonance 
conditions  in  a  structure.  We  discuss  four  perspectives  with 
which  to  describe  the  behavior  of  MR  dampers  subjected  to 
oscillatory  sinusoidal  shaft  motion:  (1)  linear  or  equivalent 
viscous  damping  model,  (2)  nonlinear  Bingham  plastic 
model  (Prager,  1961;  Phillips,  1969),  (3)  nonlinear  biviscous 
model  (Stanway  et  al.,  1996),  and  (4)  nonlinear  hysteretic 
biviscous  model.  These  models  describe  MR  damper  hyster¬ 
esis  behavior  using  piecewise  continuous  functions  of  veloc¬ 
ity,  and  increase  in  complexity  by  adding  progressively  more 
parameters.  It  should  be  noted  that  other  generalized  hyster¬ 
esis  models  have  been  proposed  for  MR  dampers  of  this  type, 
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such  as  Bouc-Wen  hysteresis  models  (Dyke  et  al.,  1996)  or 
the  viscoelastic-plastic  model  (Kamath  and  Wereley, 
1997a-c).  The  piecewise  continuous  nonlinear  hysteretic 
biviscous  model  can  be  used  to  motivate  our  nonlinear 
piecewise  smooth  viscoelastic-plastic  model  (Kamath  and 
Wereley,  1997a-c),  and  to  improve  the  parameter  optimiza¬ 
tion  procedures  used  to  identify  its  parameters. 

The  proposed  class  of  piecewise  continuous  models  is  in¬ 
tended  to  improve  understanding  of  steady  state  force  vs.  dis¬ 
placement  and  force  vs.  velocity  damper  behavior  due  to  a  si¬ 
nusoidal  velocity  input  by  developing  a  mechanisms-based 
modeling  perspective.  Each  of  the  mechanisms  used  is  linear 
and  piecewise  continuous.  The  appropriateness  of  the  mod¬ 
els  is  examined  in  two  ways.  First,  We  eXarnine  fhe  accuracy 
of  damping  prediction,  or  its  corollary,  accuracy  of  each 
model  when  reconstructing  the  force  versus  displacement 
hysteresis  cycle,  which  is  related  to  the  energy  dissipation 
per  cycle.  Second,  we  examine  the  accuracy  in  reconstruct¬ 
ing  the  force  versus  velocity  hysteresis  cycle,  which  is  re¬ 
lated  to  the  rheology  of  the  MR  fluid  in  terms  of  its  shear 
stress  versus  shear  strain  rate  behavior. 

2.  DAMPER  TESTING 

An  experimental  prototype  of  a  magnetorheological  (MR) 
linear  stroke  damper  was  provided  by  the  Lord  Corporation. 

A  cross-sectional  schematic  of  the  nominal  MR  damper  is 
shown  in  Figure  1.  Typical  quasi-steady  (constant)  force  vs. 
velocity  behavior  is  shown  in  Figure  2.  The  hydraulic  cylin¬ 
der  of  the  damper  is  nominally  102  mm  (4")  in  length  and  45 
mm  (1.75")  in  diameter.  The  hydraulic  cylinder  houses  the 
damper  piston,  in  which  is  mounted  a  magnetic  circuit.  At  the 
base  and  inside  the  hydraulic  cylinder  is  an  accumulator  that 
is  used  to  pressurize  the  approximately  50  ml  of  MR  fluid  to 
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Wires  to 


Figure  1.  Cross  section  of  Rheonetics  SD-1000-2  MR  dampen 
Damper  body  is  nominally  102  mm  iongt  with  a  stroke  of  60  mm. 
Courtesy  of  Lord  Corporation . 

above  atmospheric  pressure.  This  is  a  standard  technique  to 
prevent  cavitation  on  the  low  pressure  side  of  the  piston 
while  it  is  in  motion.  The  MR  fluid  flows  through  an  annular 
orifice  in  the  piston  head,  where  it  can  be  activated  by  a  cur¬ 
rent  applied  to  the  magnetic  circuit. 

The  MR  damper  was  tested  for  its  steady  state  dynamic 
characteristics  at  different  magnetic  field  strengths  (current 
was  applied  in  the  range  of  0-0.7  A  in  increments  of  0. 1  A) 
and  vaiying  displacement  amplitudes  of  ±1.25  mm,  ±2.54 
mm,  ±5.08  mm,  ±7.62  mm  (±0.05,  ±0.10,  ±0.20,  and 
±0.30  inches)  using  a  sinusoidal  displacement  input  at  a  fre- 1 
quency  of  2.0  Hz  (nominal).  A  Fourier  analysis  shows  the  ac¬ 
tual  frequency  of  oscillation  to  be  Q  =  1 .95  Hz,  which  will  be 
used  in  the  remainder  of  paper.  The  data  was  then  filtered  to 
remove  high  frequency  noise  by  retaining  the  first  five  har¬ 
monics  of  Q  in  the  reconstructed  displacement  signals.  The 
force  signal,  conservatively,  was  not  filtered,  because  it  con¬ 
tained  nonlinear  information.  An  Interlaken  100  kN  (22  kip) 
servo-hydraulic  testing  machine  was  used  to  apply  the  de- 


Amps 


Figure  2.  Measured  quasi-steady  force  vs.  velocity  curves  for 
Rheonetics  SD-1000-2  MR  dampen  Courtesy  of  Lord  Corporation. 


Displacement  [mm] 

(b)  Force  vs.  Velocity  at  1.95  Hz 


Figure  3.  Hysteresis  cycles  for  MR  damper  under  2.0  Hz  sinusoidal 
displacement  excitation.  Data  was  taken  at  current  levels  of  0  to  0.7 A 
in  0.1  A  increments,  but  is  shown  only  for  I  =  0.1, 0.3, 0.5and0.7A 

sired  damper  shaft  sinusoidal  displacement.  The  MR  damper 
was  mounted  in  the  testing  machine  using  clevises  at  each 
damper  end  designed  to  prevent  relative  motion  between  the 
clevis  pin  and  damper  rod  eye  using  a  set  screw  arrangement. 
A  smooth  rod  extended  from  "the  clevis  and  was  inserted  into 
the  hydraulic  collet  grips  of  the  testing  machine.  During  each 
test,  we  measured  nominally  20  cycles  of  force  vs.  displace¬ 
ment  and  calculated  the  force  vs.  velocity  hysteresis  cycles 
for  each  of  these  test  conditions.  Typical  hysteresis  data,  for  a 
nominal  displacement  amplitude  of  ±5  mm,  is  shown  in  Fig¬ 
ure  3. 


3.  EQUIVALENT  VISCOUS  DAMPING 

Equivalent  viscous  damping  is  a  standard  linearization 
technique  that  could  be  applied  to  a  nonlinear  damper  such  a$ 
the  MR  damper.  This  approach  is  useful  when  comparing  the 
nonlinear  MR  damper  to  a  linear  viscous  device.  The  equiva¬ 
lent  viscous  damping  is  computed  by  equating  the  energy 
dissipated,  £,  over  a  cycle  of  frequency,  Q, 

E  —  (f)  F(t)dx  =  1^'°  F{t  )v(t  )dt  (1) 

where  F(t)  is  the  measured  force,  *(/)  is  the  measured  shaft 
displacement,  and  v(/)  is  the  measured  shaft  velocity  of  the 
damper.  Equating  the  dissipated  energy  of  the  nonlinear  de¬ 
vice  to  that  of  an  equivalent  viscous  damper  leads  to  an  ex¬ 
pression  for  the  equivalent  viscous  damping,  Ceq, 
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(b)  Nonlinear  Bingham-plastic  (d)  Nonlinear  Hysteretic  Biviscous 

Figure  4.  Schematics  of  piecewise  continuous  clamper  models  used  in  this  study.  The  idealized 
model  force  vs.  velocity  behavior  is  represented  by  a  dashed  line,  while  the  actual  damper  behavior 
is  represented  by  the  solid  line. 


E 

jiQXq 


(2) 


where  X0  is  the  sinusoidal  displacement  input  amplitude.  A 
schematic  of  this  model  is  shown  in  Figure  4(a).  ..... 


the  yield  force,  then  the  fluid  begins  to  flow,  and  the  material  is 
essentially  a  Newtonian  fluid  with  a  non-zero  yield  stress,  as 
shown  in  Figure  4(b).  In  this  model,  the  yield  force  is  obtained 
from  the  post-yield  force  vs.  velocity  asymptote  intercept  with 
the  force  axis,  as  shown  in  Figure  4(b). 


4.  BINGHAM  PLASTIC  MODEL 

By  adding  a  yield  force  to  a  linear  damping  model,  the 
Bingham  plastic  model  results.  This  shear  flow  mechanism 
has  been  used  to  develop  predictive  models  assuming  paral¬ 
lel  plate  geometry  (Wereley  and  Pang,  1998;  Makris  et  al., 
1996)  or  axisymmetric  geometry  (Kamath,  Hurt  and 
Wereley,  1996;  Gavin  et  al.,  1996a-b).  Yield  force,  Fy,  and 
post-yielding  damping,  Cpo,  are  included  in  the  model,  a 
schematic  of  what  is  shown  in  Figure  4(b).  The  equations  de¬ 
scribing  this  constitutive  model  are 

Cpov+Fy  v  >  0 

F(f)  =  •  - Fy  <  F  <  Fy  v  =  0  (3) 

CpoV-Fy  v  <  0 

The  Bingham  plastic  damper  model  is  often  expressed  as 

F(t)  =  Fy  sgn  (vOV  +  CpovO)  (4) 

The  model  assumes  that  in  the  pre-yield  condition,  the  mate¬ 
rial  is  rigid  and  does  not  flow,  hence,  when  |F(/)|  <Fy  the  shaft 
velocity,  v  =  0.  Once  the  force  applied  to  the  damper  exceeds 


5.  NONLINEAR  BIVISCOUS  MODEL 

Rather  than  assuming  that  the  material  is  rigid  in  the 
pre-yield  condition,  the  material  is  assumed  to  be  plastic  in 
both  the  pre-yield  and  the  post-yield  conditions  as  in 
Stanway  et  al.  (1 996).  However,  the  pre-yield  damping,  Cpn 
is  assumed  to  be  much  greater  than  the  post-yielding  damp¬ 
ing,  Cpo,  or  Cpr  >  Cpo,  in  order  to  obtain  the  yield  force  over  a 
small  change  in  shaft  velocity.  In  this  model,  the  yield  force 
is  determined  from  the  post-yield  force  vs.  velocity  asymp¬ 
tote  intercept  with  the  force  axis,  as  shown  in  Figure  4(c). 
This  model  can  be  represented  by 

CpoV  +  Fy  v>vy 

=  Cprv  -Vy^vZyy  (5) 

CpoV-Fy  V<~Vy 

where  the  yield  velocity,  is  defined  as 


This  model  attempts  to  model  the  pre-yield  behavior  in  the 
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force  vs.  velocity  diagram  as  a  highly  viscous  behavior. 
Rather  than  representing  a  true  material  property,  this 
pre-yield  damping  is  due  to  leakage  in  the  damper,  which  is  a 
Newtonian  flow  between  the  piston  head  and  the  hydraulic 
cylinder,  designed  to  smooth  the  force  versus  displacement 
response. 


6.  NONLINEAR  HYSTERETIC 
BIVISCOUS  MODEL 

Based  on  damper  behavior  observed  during  testing,  the 
force  vs.  velocity  behavior  shows  a  distinct  pre-yield  hyster¬ 
esis  loop  or  bilinear  hysteresis.  The  force  versus  velocity  be¬ 
havior  of  the  MR  damper  is  reminiscent  of  the  force  versus 
displacement  behavior  of  a  bilinear  spring  (Caughey,  1960). 
A  four  parameter  nonlinear  hysteretic  biviscous  model,  a 
schematic  of  which  is  shown  in  Figure  4(d),  is  introduced 
that  has  a  clear  physical  motivation.  The  nonlinear  hysteretic 
biviscous  model  is  an  extension  of  the  nonlinear  biviscous 
model  (Stanway  et  al.,  1996)  with  an  improved  representa¬ 
tion  of  the  pre-yield  hysteresis.  This  is  accomplished  by  add¬ 
ing  another  parameter,  that  is,  the  zero  force  velocity  inter¬ 
cept,  v0,  to  the  three  prior  parameters:  the  pre-yield  viscous 
damping,  Cpn  the  post-yield  viscous  damping,  C^,  and  the 
yield  force,  Fy  The  equations  of  the  piecewise  continuous 
nonlinear  hysteretic  biviscous  model  are 


where  F(tk)  is  the  force  calculated  using  the  equations  of  the 
nonlinear  hysteretic  biviscous  model  from  Equation  (7), 
F(tk)  is  the  measured  force  (raw  data),  and  tk  is  the  time  at 
which  the  Ath  sample  was  taken.  The  four  parameters  of  Cpn 
Cpo,  Fy  and  v0,  are  selected  so  as  to  minimize  the  cost  func¬ 
tion,  J.  Only  a  single  optimization  procedure  is  required  to 
identify  the  parameters  of  the  nonlinear  hysteretic  biviscous 
model,  the  parameters  of  which  are  used  for  all  three  nonlin¬ 
ear  models:  Bingham-plastic,  biviscous,  and  hysteretic 
biviscous.  The  values  of  Cpn  C^,  Fy  and  v0  are  all  con¬ 
strained  to  be  greater  than  zero,  and  Cpr>  C^.  The  parameter 
optimization  is  performed  for  each  testing  condition  of  ap¬ 
plied  current  and  sinusoidal  displacement  input  amplitude. 

8.  RESULTS 

8.1  Linearized  Damping 

The  equivalent  viscous  damping  was  calculated  using  the 
measured  force  vs.  displacement  hysteresis  data  and  Equa¬ 
tion  (1),  and  the  results  are  shown  in  Figure  5.  Essentially,  the 
equivalent  viscous  damping  varies  as  a  (third  order)  polyno¬ 
mial  function  of  current.  However,  this  characterization  ap¬ 
proach  linearizes  the  damper  as  an  ideal  dashpot  at  eveiy  op¬ 
erating  condition,  so  that  Ctq  is  a  function  of  both  the  input 
current  7,  and  the  displacement  amplitude,^. 


CpoV  -  Fy  v  <  -v,  v  >  0 

Cpr  (V  —  V0  )  —  V]  ^  V  <  v2  V  >  0 
CpoV  +  Fy  v2  <  v  ~  v  >  0 

CpoV  +  Fy  Vj  <  v  v  <  0  '  * 

Cpr  (v  +  V0  )  —  V2  <  V  <  V|  V  <  0 
CpoV  -  Fy  v<  —  v2  v  <  0 


where  we  have  introduced  the  decelerating  yield  velocity  Vj , 
and  the  accelerating  yield  velocity,  v2,  given  by 


Fy  -  CprV o 

vi  =  —  —  and  v2 

pr  ^  po 


Fy  +  CprVQ 

Cpr  ~  Cpo 


(8) 


8.2  Parameter  Identification  for  Nonlinear  Models 

In  Figure  6,  the  four  parameters  of  pre-yield  damping,  Cpn  * 
post-yield  damping,  Cpo,  zero  force  velocity  intercept,  v0, 
and  yield  force,  Fy  are  plotted  vs.  current  for  the  four  2.0  Hz 
sinusoidal  amplitudes  of  1.25  mm,  2.54  mm,  5.08  mm,  and 
7.62  mm  (0.05",  0.1",  0.2",  and  0.3")  tested  in  this  study.  Al¬ 
though  there  is  a  dependence  of  these  parameters  on  the  am¬ 
plitude,  it  is  interesting  to  note  that  the  variation  of  the  yield 
force  with  amplitude  is  relatively  small.  This  suggests  that 
yield  force  as  a  function  of  current  is  strongly  related  to  the 
yield  stress  as  a  function  of  field.  As  a  function  of  applied 


The  hysteresis  cycle  is  separated  into  two  groups  of  equations. 
The  first  group  ofthree  equations  are  for  positive  acceleration, 
while  the  second  three  are  for  negative  acceleration. 


7.  PARAMETER  OPTIMIZATION 

The  parameters  of  the  latter  three  models  were  identified 
using  a  constrained  least  mean  squared  error  minimization 
procedure  using  MATLAB  subroutines.  A  cost  function,  J, 
was  defined  as 

N 

min  J  =  J  [F(‘k  )  -  Htk  ,Cpr  .C^  ,Fy ,  v0  )]2  (9) 
*=  1 


Figure  5.  Equivalent  viscous  damping  is  plotted  vs.  applied  current 
for  different  sinusoidal  displacement  amplitudes  at  a  test  frequency 
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(a)  Pre-yield  Damping  (c)  Zero  Force  Velocity  Intercept 


Applied  Current  [A]  Applied  Current  [A] 


(b)  Post-yield  Damping  (d)  Yield  Force 


Applied  Current  [A]  Applied  Current  [A] 


Figure  6.  The  four  parameters  of  pre-yield  damping,  Cp„  post  yield  damping,  C™,  zero  force  velocity 
intercept,  v*  and  yield  force,  Fr  are  plotted  vs.  applied  current  forthe  linear  stroke  MR  damper.  Xf,isin 
units  of  [mm]. 


(a)  Equivalent  Viscous  Damping  (c)  Nonlinear  Biviscous 


Displacement  [mm]  Displacement  [mm] 

(b)  Nonlinear  Bingham  Plastic  (d)  Nonlinear  Hysteretic  Biviscous 


Displacement  [mm]  Displacement  [mm] 


Figure  7.  At  same  conditions  of  current,  I  =  0.5  Amps,  and  displacement,  Xo  =  5.08  mm  (0.2"), 
force  vs.  displacement  hysteresis  data  (dots)  are  compared  with  force  calculated  using  identified 
models  (solid  line). 
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current,  a  simple  second-order  polynomial  accurately  fits  the 
parameters  of  Cpn  C ^  and  Fp  while  the  velocity  intercept,  v0 
requires  a  fourth-order  polynomial. 

8.3  Energy  Diagram 

The  parameters  identified  above  can  be  used  in  the  various 
models  to  predict  the  hysteresis  cycles  of  both  force  vs.  dis¬ 
placement  and  force  vs.  velocity  for  the  testing  conditions  of 
7=  0.5  Amps,  and  X0  «  5.08  mm  (0.2").  In  Figure  7,  typical 
force  vs.  displacement  hysteresis  cycle  data  are  plotted 
against  the  predicted  hysteresis  cycles  from  the  simulation  of 
each  model. 

The  hysteresis  cycle  predicted  by  the  linearized  model,  or 
the  equivalent  viscous  damping  model,  is  shown  in  Figure 
7(a).  The  linear  model  is  the  least  accurate  in  representing  the 
force  versus  displacement  nonlinear  hysteresis  cycle  shape. 
The  linearized  model  will  always  predict  an  ellipsoidal  hys¬ 
teresis  cycle  shape,  so  that  it  cannot  capture  the  Coulomb  or 
friction  damper  behavior  represented  the  yield  force.  How¬ 
ever,  the  area  inside  the  linear  (ellipsoidal)  energy  diagram  is 
identical  to  that  inside  the  nonlinear  energy  diagram,  by  defi¬ 
nition. 

In  contrast,  the  force  vs.  displacement  hysteresis  cycle  be¬ 
havior,  shown  in  Figures  7(b)-(d),  is  more  accurately  repre¬ 
sented  by  the  three  nonlinear  models.  This  improvement  is 
achieved  because  each  of  the  nonlinear  models  has  intro¬ 
duced  a  friction  component  or  yield  force  into  the  model. 


This  allows  for  the  prediction  of  a  more  rectangular  hyster¬ 
esis  cycle  shape  reminiscent  of  Coulomb  friction. 

In  Figure  8,  the  energy  calculated  from  test  data  in  plotted 
against  the  energy  calculated  using  the  simulated  velocity 
and  force,  for  all  test  conditions  at  Q  =  1.95  Hz.  Again,  as 
shown  in  Figure  8(a),  the  energy  dissipation  per  cycle  pre¬ 
dicted  by  the  analysis  matches  the  measured  values  exactly, 
by  definition.  The  nonlinear  models  accurately  match  the  en¬ 
ergy  dissipation  per  cycle,  even  though,  as  shown  in  the  next 
section,  the  force  vs.  velocity  hysteresis  behavior  varies  sig¬ 
nificantly  between  the  models.  Essentially,  the  post-yield  be¬ 
havior  of  the  damper  plays  the  largest  role  in  describing  the 
energy  dissipation,  where  the  velocity  magnitude  is  greatest. 
All  of  the  pre-yield  behavior  occurs  at  relatively  lower  veloc¬ 
ity,  making  less  of  an  impact  on  the  damping  performance. 

8.4  Force  vs.  Velocity  Hysteresis  Cycles 

In  Figure  9,  typical  force  vs.  velocity  hysteresis  cycle  data 
are  plotted  against  the  predicted  hysteresis  cycles  from  the 
simulation  of  each  model.  Figure  9(a)  shows  the  approxi¬ 
mate  linearized  behavior  expected  of  the  single  parameter 
linearized  equivalent  viscous  damping  model.  In  Figure 
9(b),  by  adding  a  yield  force  to  the  post-yield  viscous  damp¬ 
ing,  the  Bingham  plastic  model  accurately  represents  the 
post-yield  behavior,  with  a  rigid  pre-yield  characteristic.  In 
the  nonlinear  bi viscous  model  shown  in  Figure  9(c),  the  rigid 
pre-yield  of  the  Bingham  plastic  model  is  replaced  by  a  vis- 
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Figure  8 .  The  energy  calculated  from  test  data  for  all  test  conditions  at  2.0  Hz,  is  plotted  against  the 
energy  predicted  using  a  simulation  of  each  model. 
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(a)  Equivalent  Viscous  Damping 


Velocity  [mm/s] 

(b)  Nonlinear  Bingham  Plastic 


(c)  Nonlinear  Biviscous  ' 


(d)  Nonlinear  Hysteretic  Biviscous 


Velocity  [mm/s] 


Figure  9.  For  testing  conditions  of  current,  I  =  0.5  Amps,  and  displacement,  Xo  =  5.08  mm  (0.2"), 
force  vs.  velocity  hysteresis  data  (dots)  are  compared  with  force  calculated  using  identified  models 
(solid  line). 


cous  pre-yield  mechanism  in  order  to  have  a  more  realistic 
pre-yield  behavior  flowever/the  pre-yield  hysteresis  is  still 
not  captured  by  the  model,  only  the  average  slope  of  the 
pre-yield  hysteresis  is  represented.  The  nonlinear  hysteretic 
biviscous  models,  shown  in  Figure  9(d),  most  accurately  rep¬ 
resents  the  force  vs.  velocity  behavior,  including  the 
pre-yield  hysteresis.  The  force  vs.  displacement  hysteresis 
cycle  behavior,  shown  in  Figure  7,  is  accurately  represented 
by  the  three  nonlinear  models,  and  the  linearized  model  is  the 
least  accurate  in  representing  the  hysteresis  cycle  shape. 

9.  CONCLUSIONS 

Four  models  were  proposed  as  the  underlying  model  struc¬ 
ture  of  a  system  identification  procedure  based  on  experi¬ 
mental  hysteresis  cycle  data  from  measured  steady  state 
force  due  to  sinusoidal  displacement  inputs.  The  four  models 
are  piecewise  continuous  models  of  force  vs.  velocity  hyster¬ 
esis  cycle  behavior. 

1 .  The  linearized  equivalent  viscous  damping  (EVD)  model 
appropriately  accounts  for  energy  dissipated  over  one  os¬ 
cillation  cycle.  This  model  describes  the  MR  damper  as  an 
equivalent  linear  passive  hydraulic  damper  via  a  single 
parameter,  the  equivalent  viscous  damping,  Ceg.  Ceg  was 
shown  to  be  a  function  of  both  the  applied  magnetic  field 
(current)  and  sinusoidal  displacement  amplitude.  How¬ 


ever,  the  EVD  model  does  not  accurately  account  for  ei- 

‘  ‘(her,  the  steady  state  force  vs\  displacement  or  velocity 
hysteresis  cycle  behavior.  Thus,  the  strong  nonlinear  be¬ 
havior  of  the  MR  damper  renders  the  linearized  model 
nearly  useless  as  a  simulation  model.  However,  Ceg  is  use¬ 
ful  when  comparing  energy  dissipation  characteristics  of 
passive  hydraulic  or  elastomeric  dampers  to  MR  damp¬ 
ers. 

2.  The  nonlinear  Bingham-plastic  model  uses  parameters  of 
yield  force,  Fy,  and  post-yield  damping,  C^.  The  model  ac¬ 
counts  for  force  vs.  displacement  hysteresis  behavior  and 
energy  dissipated  over  each  cycle,  but  does  not  account  for 
force  vs.  velocity  hysteresis  behavior  because  the  pre-yield 
behavior  is  assumed  to  be  rigid,  and  the  observed 
viscoelastic  pre-yield  damper  behavior  is  neglected. 

3 .  The  nonlinear  biviscous  model  uses  three  parameters:  yield 
force,  Fy,  pre-yield  damping,  Cpr;  post-yield  damping,  C^. 
An  improved  representation  of  pre-yield  viscoelastic  be¬ 
havior  is  introduced  via  a  pre-yield  plastic  mechanism.  The 
model  accounts  for  energy  dissipated  over  each  cycle,  and 
accounts  for  force  vs.  displacement.  However,  the 
pre-yield  force  vs.  velocity  hysteresis  behavior  is  repre¬ 
sented  only  as  a  linear  damping  mechanism. 

4.  The  nonlinear  hysteretic  biviscous  model  uses  four  pa¬ 
rameters:  yield  force,  Fy,  zero  force  velocity  intercept,  v0; 
pre-yield  damping,  Cpr\  post-yield  damping,  C^.  This 
model  accounts  for  the  force  vs.  displacement  and  veloc- 
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ity  hysteresis  cycle  behavior,  as  well  as  the  energy  dissi¬ 
pation  in  each  cycle.  This  model  would  be  the  most  appro¬ 
priate  as  a  simulation  model  for  steady  state  oscillations. 

5.  All  of  the  above  nonlinear  damper  models  use  the  same 
post-yield  viscous  damping  mechanism.  Because  the 
damping  predictions  depends  mostly  on  this  post-yield 
viscous  damping,  all  of  the  above  nonlinear  models  per¬ 
form  equally  well  in  damping  predictions. 

6.  The  nonlinear  hysteretic  biviscous  (NHBV)  model  is  a 
piecewise  continuous  version  of  our  nonlinear  visco¬ 
elastic-plastic  (NVEP)  model  (Kamath  and  Wereley, 
1997a-c),  which  differs  in  that  it  is  piecewise  smooth. 
The  parameters  of  the  NHBV  model  can  be  estimated 
graphically  from  the  experimental  data,  whereas  the 
NVEP  model  requires  an  optimization  procedured  as  out¬ 
lined  in  Kamath  and  Wereley  (1997c). 
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Magnetorheological  fluid  dampers  are  attractive  candidates  for  augmentation  of  lag  mode  damping  in  helicopter  rotors,  where 
additional  damping  is  required  to  avert  instabilities  only  during  specific  flight  conditions.  Magnetorheological  (MR)  fluids 
change  properties  dramatically  with  application  of  a  magnetic  field.  This  active  damping  component  presents  an  advantage 
over  passive  elastomeric  and  fluid -elastomeric  dampers.  An  extensive  comparative  study  of  fluid-elastomeric  and  MR  dampers 
is  presented.  The  study  was  conducted  with  four  (a  pair  each)  l/6th  Froude  scale  dampers.  The  MR  dampers  were  tested  with 
the  magnetic  field  turned  off  (OFF  condition)  and  with  the  magnetic  field  turned  on  (ON  condition).  The  dampers  were  tested 
individually  and  in  pairs,  under  different  preloads,  and  under  single  and  dual  frequency  excitation  conditions.  The  fluid-elas¬ 
tomeric  and  MR  (OFF)  damper  behavior  was  linear,  while  the  MR  (ON)  behavior  was  nonlinear  with  the  stiffness  and  damp¬ 
ing  varying  with  the  displacement  amplitude.  Under  dual  frequency  conditions,  the  MR  dampers  (ON  condition)  showed  a  sig¬ 
nificant  degradation  in  damping  and  stiffness  as  the  dual  frequency  excitation  was  increased.  The  MR  (OFF)  dampers  showed 
no  change  in  properties.  The  fluid-elastomeric  dampers  showed  a  mild  degradation  in  stiffness  and  damping  under  dual  fre¬ 
quency  excitation  conditions.  The  MR  (ON)  damper  hysteresis  was  modeled  using  a  nonlinear  viscoelastic-plastic  model.  The 
model  captures  the  nonlinear  behavior  accurately.  Using  the  single  frequency  parameters,  the  dual  frequency  hysteresis  be¬ 
havior  was  predicted,  and  it  correlates  well  with  experimental  data. 


Introduction 

Aeromechanicai  instabilities  such  as  air  and  ground  resonance  phe¬ 
nomena  are  serious  concerns  in  helicopter  rotor  systems  (Ref.  1).  In  con¬ 
ventional  articulated  rotors,  ground  resonance  is  mitigated  using  hydraulic 
and  elastomeric  dampers.  In  hingeless  and  bearingless  rotors,  which  are 
designed  to  be  soft-inplane  rotors  due  to  stress  and  weight  considerations, 
elastomeric  lag  dampers  are  used  to  mitigate  these  instabilities.  Elasto¬ 
meric  dampers  have  the  advantage  of  having  no  moving  parts  and  elimi¬ 
nating  the  leakage  problems  that  are  present  in  hydraulic  dampers. 
However,  elastomeric  damper  behavior  is  nonlinear  and  highly  dependent 
on  frequency,  temperature  and  loading  conditions  such  as  preload  and  ex¬ 
citation  amplitudes.  The  lag  motion  in  helicopter  rotors  occurs  at  two  fre¬ 
quencies:  the  lead-lag  frequency  and  the  1/rev  frequency.  Under  these  con¬ 
ditions,  the  damping  in  elastomers  has  been  shown  to  degrade  substan¬ 
tially  at  low  amplitudes,  thus  causing  undesirable  limit  cycle  oscillations 
(Ref.  2).  In  order  to  circumvent  the  problems  associated  with  the  elas¬ 
tomeric  dampers,  Fluidlastic®  dampers  have  been  proposed  (Refs.  3-5). 
Fluidlastic®  dampers  use  elastomers  in  conjunction  with  fluids.  The  fluid 
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adds  a  viscous  component  to  the  energy  dissipation  mechanism  in  the 
dampers.  Moreover,  the  inclusion  of  the  fluid  expands  the  dynamic  range 
of  forces  generated  by  the  damper  (Ref.  3).  Panda  et  al.  tested  Fluidlastic® 
lead-lag  dampers  in  a  l/6th  Froude-scale  rotor  model  and  showed  that  the 
limit-cycle  instabilities  that  were  observed  with  elastomeric  dampers  can  be 
eliminated  (Ref.  4).  A  comparison  between  elastomeric  and  Fluidlastic® 
dampers  shows  that  the  former  has  stiffness  and  damping  properties  that 
are  nonlinear  functions  of  the  displacement  amplitude  whereas  the  latter 
exhibits  relatively  constant  properties  (Ref.  5).  The  mechanical  properties 
of  lag  mode  dampers  can  vary  as  much  as  5%  from  one  damper  to  the  next, 
so  that  they  are  carefully  matched  sets  for  a  given  rotor.  Matched  sets  of 
dampers  are  used  to  minimize  the  impact  of  varying  damper  mechanical 
properties  on  rotor  tracking  conditions.  Therefore,  a  damper  that  could 
adapt  its  properties  to  a  fixed  mechanical  property  specification  would  be 
of  tremendous  benefit.  Moreover,  damping  augmentation  is  required  only 
in  flight  regimes  where  there  is  a  potential  for  instabilities  to  occur,  which 
highlights  the  need  for  damping  strategies  that  can  be  tailored  to  the  spe¬ 
cific  flight  condition,  such  as  while  spooling  up  the  rotor  or  while  the  rigid 
body  modes  in  forward  flight  coalesce  with  the  lag  mode.  Thus,  control¬ 
lable  fluid  dampers  are  attractive  choices  for  augmenting  lag  mode  damp¬ 
ing  in  helicopter  rotor  systems. 

Controllable  fluids  such  as  electrorheological  (ER)  and  magnetorheo¬ 
logical  (MR)  fluids  belong  to  the  class  of  smart  materials  that  have  the 
ability  to  change  properties  when  acted  upon  by  an  electric  or  magnetic 
field.  This  change  is  mainly  manifested  as  a  substantial  increase  in 
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namic  yield  stress  of  the  fluid.  ER  fluid  applications  have  so  far  outnum¬ 
bered  those  of  MR  fluids  primarily  due  to  the  wider  commercial  avail¬ 
ability  of  ER  fluids  (Refs.  6-8).  MR  fluids  have  captured  the  attention  of 
researchers  only  recently,  on  account  of  their  higher  dynamic  yield  stresses 
(Ref.  9).  Moreover,  while  ER  fluids  require  very  high  electric  field 
strengths  (of  the  order  of  3  kV/mm),  MR  fluids  can  be  activated  using 
standard  circuit  board  voltages  of  28  Volts  or  less.  Despite  the  superior 
performance  of  MR  fluids,  ER  and  MR  fluids  are  mechanistically  similar 
such  that  phenomenological  models  used  to  describe  ER  fluids  can  be  ap¬ 
plied  to  MR  fluids  (Refs.  10-11).  In  order  to  describe  ER  and  MR  fluid 
damper  behavior,  various  models  have  been  proposed  (Refs.  11-17).  The 
classical  Bingham  plastic  model  describes  ER  fluid  force  vs.  displacement 
damper  behavior  well,  from  which  the  damping  can  be  calculated  accu¬ 
rately  (Refs.  11-13).  The  force  vs.  velocity  hysteresis  characteristics  are 
better  modeled  using  nonlinear  functions  or  hysteretic  models  (Refs.  11, 
14-17).  In  order  to  incorporate  ER  and  MR  dampers  in  a  system,  the  hys¬ 
teresis  cycles  need  to  be  modeled  accurately.  Linearized  constants  such  as 
equivalent  damping  and  complex  modulus  are  not  sufficient  to  uniquely 
define  the  hysteresis  behavior  (Refs.  1 1 ,  14, 18-19). 

Numerous  models  have  been  proposed  to  describe  the  behavior  of  hy¬ 
draulic  and  elastomeric  lag  dampers  and  their  effects  on  the  rotor  system 
dynamics  (Refs.  20-22).  Gandhi  and  Chopra  proposed  a  nonlinear  elas¬ 
tomeric  damper  model  wherein  the  damper  was  represented  by  a  combina¬ 
tion  of  linear  and  nonlinear  springs  and  dashpots  (Ref.  20).  The  model  param¬ 
eters  were  estimated  based  on  the  experimental  values  of  the  components 
of  the  complex  modulus.  Smith  et  al.  proposed  a  thermomechanical  ap¬ 
proach  based  on  Anelastic  Displacement  Reids  (ADF)  whose  mechanical 
analog  is  a  combination  of  nonlinear  springs  and  dashpots  (Ref.  21).  Here, 
the  model  coefficients  were  determined  by  minimizing  the  error  between 
model  predictions  and  experimental  stress-strain  hysteresis  cycles.  Tarzanin 
and  Panda  proposed  a  nonlinear  lead-lag  damper  model  which  consisted  of 
nonlinear  spring  and  Coulomb  friction  elements  (Ref.  22).  The  element  co¬ 
efficients  were  determined  using  the  current  velocity  and  the  correspond¬ 
ing  local  peak  velocity.  Kunz  showed  that  linearized  complex  modulus  co¬ 
efficients  do  not  capture  the  hysteresis  behavior  correctly  (Ref.  23) 

This  paper  presents  a  detailed  characterization  and  comparison  studies 
of  semi-active  MR  fluid  and  passive  Fluidlastic®  dampers,  and  presents  a 
model  to  describe  their  hysteresis  behavior.  The  objective  of  this  study  is 
to  demonstrate  the  feasibility  of  semi-active  magnetorheological  dampers 
that  can  maintain  constant  properties  even  at  low  amplitude  levels.  The  re¬ 
sults  presented  here  were  obtained  using  a  pair  each  of  l/6th  Froude-scale 
MR  fluid  and  Fluidlastic®  dampers.  The  dampers  are  similar  to  those 
tested  by  Panda  et  al.  for  the  Boeing-Sikorsky  Comanche  helicopter  wind 
tunnel  model  (Refs.  4-5).  Dynamic  tests  were  conducted  to  characterize 
individual  dampers  as  well  as  like  pairs  of  dampers.  The  dampers  were 
tested  individually  to  measure  and  compare  linearized  properties  such  as 
equivalent  viscous  damping  and  complex  modulus  for  each  damper,  and 
ensure  that  they  were  similar  before  testing  them  in  pairs.  The  damper 
pairs  were  tested  under  zero  preload  and  preloaded  conditions.  The 
damper  pairs  were  also  tested  under  single  frequency  and  dual  frequency 
excitation  conditions.  A  nonlinear  viscoelastic-plastic  model  was  used  to 
describe  the  single  frequency  behavior.  This  model  uniquely  describes  the 
force  vs.  displacement  hysteresis  cycles,  from  which  the  linearized  com¬ 
plex  modulus  components  can  be  calculated.  This  model  was  extended  to 
describe  the  dual  frequency  behavior  and  was  shown  to  be  fairly  accurate. 

Pamper  Characterization 

Individual  Damper  Characterization 

A  pair  each  of  Fluidlastic®  and  MR  fluid  dampers  was  tested  to  mea¬ 
sure  the  force  vs.  displacement  hysteresis.  The  MR  fluid  dampers  could  be 


operated  either  with  the  magnetic  field  turned  off  or  the  magnetic  field 
turned  on.  Thus,  there  was  a  pair  each  of  three  damper  configurations: 
Fluidlastic ,®  MR  (OFF)  and  MR  (ON).  The  OFF  and  ON  conditions  de¬ 
fine  the  boundaries  of  the  operating  envelope  of  the  MR  dampers,  but  it  is 
possible  to  conceptualize  an  MR  damper  design  wherein  the  magnetic 
field  can  be  varied  continuously  between  the  two  conditions.  The  individ¬ 
ual  damper  characterization  was  done  to  make  sure  that  the  properties  of 
the  dampers  belonging  to  each  configuration  pair  were  similar.  The  bench- 
top  experimental  setup  in  Fig.  1  was  used  to  test  the  individual  dampers. 
The  damper  to  be  tested  was  mounted  such  that  it  would  be  excited  in  the 
shear  direction.  The  excitation  force  was  provided  Jby  a  4  Ibf  Ling  Dy¬ 
namic  Systems  electromagnetic  shaker.  A  Sensotec  load  cell  was  placed 
between  the  damper  clasp  and  the  shaker  to  measure  the  force  input  to  the 
damper.  A  Lucas  Schaevitz  non-contacting  laser  sensor  measured  dis¬ 
placement.  The  force  and  displacement  time  histories  for  all  the  test  cases 
were  collected  using  a  Tektronix  TDS  420A  digital  oscilloscope.  Each 
damper  was  tested  for  a  range  of  amplitudes  at  a  frequency  of  10  Hz, 
which  is  the  first  lead-lag  frequency  of  the  l/6th  model-scale  rotor.  There 
was  no  preload  on  the  dampers.  The  test  conditions  for  the  individual 
damper  characterizations  are  given  in  Table  1 . 


Table  I.Test  displacements  for  Individual  damper  characterization. 

Fluidlastic,  MR  (OFF),  and  MR  (ON)  damper  pairs  tested 
_ with  zero  preload  at  10  Hz  frequency. _ 


Amplitudes 
inches  (mm) 


0.005 

(0.127) 

0.0075 

(0.190) 

0.01 

(0.254) 

0.015 

(0.381) 

0.02 

(0.508) 

0.03 

(0.762) 

0.04 

(1.016) 

0.05 

(1.270) 

Fig.  1.  Experimental  setup  for  individual  damper  characterization. 


Damper  Pair  Characterization 

The  lag  dampers  are  usually  mounted  in  pairs  onto  the  rotor  system 
with  a  compressive  preload  acting  on  them  (Refs.  4-5).  To  test  the  dampers 
under  these  conditions  and  measure  the  force  vs.  displacement  hysteresis, 
a  setup  was  designed  and  built  (Fig.  2a).  In  this  setup  the  dampers  were 
placed  face  to  face  with  a  connecting  piece  between  the  faces  which  was 
then  connected  to  the  shaker.  The  preload  in  the  dampers  was  achieved 
using  preload  plates  that  held  the  two  damper  support  blocks  by  means  of 
dowel  pins  at  a  precise  distance,  L  -  AL  (Rg.2b).  A  set  of  preload  plates 
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(b) 


Fig.  2.  Experimental  setup  for  damper  pair  characterization. 


were  machined  for  each  value  of  AL.  A  zero  value  for  AL  implied  zero 
preload  and  a  AL  value  of  0.04  inches  (0.02  inches  for  each  damper)  was 
applied  for  the  preloaded  condition.  A  1 10  Ibf  Ling  Dynamic  Systems 
shaker  was  used  to  excite  the  dampers,  and  a  load  cell  mounted  between 
the  shaker  and  the  connecting  piece  measured  the  force  input.  The  dis¬ 
placements  were  measured  using  the  non-contacting  laser  sensor  placed 
above  the  damper  assembly.  For  each  of  the  preload  conditions,  the 
damper  pairs  were  tested  for  single  frequency  excitation  and  dual  fre¬ 
quency  excitation  conditions.  The  single  frequency  excitation  was  at  10 
Hz.  The  dual  frequencies  were  10  and  15  Hz  and  for  a  matrix  of  ampli¬ 
tudes.  The  two  frequencies  correspond  to  the  lag  frequency  and  the  1  /rev 
rotor  frequency,  respectively,  of  the  model-scale  rotor.  The  complete  array 
of  tests  for  the  damper  pair  characterization  is  given  in  Table  2;  the  sym¬ 
bols  x  and  *  represent  the  single  frequency  and  dual  frequency  test  condi¬ 
tions,  respectively. 

Table.  2.  Matrix  of  test  displacements  for  damper  pair  characterization, 
x  and  *  indicate  single  frequency  and  dual  frequency  excitation 
conditions,  respectively.  Fluidlastic,  MR  (OFF)  and  MR  (ON)  damper 
_ pairs  tested  for  both  zero  preload  and  preload  conditions. _ 

_ Matrix  of  Amplitudes  _ _ • 


10  Hz  Amplitudes,  inches 
(mm)  . 


0.005 

(0.127) 

0.0075 

(0.190) 

0.01 

(0.254) 

0.015 

(0.381) 

0.02 

(0.508) 

0.03 

(0.762) 

0.04 

(1.016) 

0.05 

(1.270) 

! 

0.0 

(0.0) 

X 

X 

X 

X 

X 

X 

X. 

X 

i- 

0.005 

(0.127) 

* 

★ 

* 

* 

* 

* 

* 

* 

f 

0.01 

(0.254) 

* 

* 

* 

* 

* 

* 

* 

* 

N 

X 

in 

0.02 

(0.508) 

* 

* 

* 

* 

* 

* 

* 

* 

Single  Frequency  Excitation  Results 

The  force  vs.  displacement  hysteresis  curves  for  the  damper  pairs  are 
shown  in  Figs.  3,  4  and  5.  For  brevity,  the  hysteresis  data  for  the  individ¬ 
ual  dampers  is  not  shown.  However,  the  hysteresis  curves  for  individual 
dampers  of  each  pair  are  very  similar  to  those  in  Figs.  3, 4  and  5  (Ref.  24). 
Moreover,  the  linearized  constants  such  as  equivalent  damping  and  the 
complex  modulus  components  associated  with  a  pair  of  dampers  are  very 
close  to  the  sum  of  the  linearized  constants  associated  with  the  individual 
dampers  (Ref.  24). 

The  hysteresis  curves  for  the  Fluidlastic®  dampers  arc  elliptical  in 
shape  indicating  distinct  stiffness  and  damping  components  (Fig.  3).  Fig¬ 
ure  3a  shows  the  hysteresis  curves  for  the  zero  preload  condition,  and  Fig 
3b  for  the  preloaded  condition.  The  inclination  of  the  curves  remains  con¬ 
stant  with  amplitude  for  both  cases,  which  dearly  indicates  linear  behav¬ 
ior.  The  hysteresis  curves  for  the  MR  dampers  with  no  applied  magnetic 
field  (OFF  condition)  are  shown  in  Fig.  4.  For  the  zero  preload  case  (Fig. 
4a),  the  hysteresis  behavior  shows  a  predominant  stiffness  component  and 
zero  damping.  When  preloaded,  the  damping  increases  as  seen  by  the  in¬ 
crease  in  the  area  within  the  hysteresis  loops  (Fig.  4b).  However,  the  force 
levels  drop  with  preload  indicating  a  reduction  in  stiffness.  When  the  mag¬ 
netic  field  is  applied  (ON  condition),  the  MR  damper  behavior  changes 
drastically,  with  a  distinct  nonlinearity  (Fig.  5).  An  apparent  increase  in 
stiffness  at  low  amplitudes  is  seen  (Fig.  5a).  The  shapes  of  the  hysteresis 
curves  remain  the  same  for  the  preloaded  condition  although,  as  in  the  case 
of  the  MR  (OFF)  damper,  an  increase  in  damping  and  a  drop  in  stiffness 
is  observed  (Fig.  5b). 
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(a)  (b) 

Fig.  4.  Single  frequency  hysteresis  data  for  MR  (OFF)  dampers:  (a)  with  zero  preload,  and  (b)  preloaded. 


Displacement  (ram)  Displacement  (mm) 

(b> 

Fig.  5.  Single  frequency  hysteresis  data  for  MR  (ON)  dampers:  (a)  with  zero  preload,  and  (b)  preloaded. 

Linearization  of  Damper  Characteristics 

Figures  3  and  4  indicate  that  the  hysteresis  behavior  is  linear  in  the  case 
of  the  Fluidlastic®  and  MR  (OFF)  dampers.  Only  the  MR  (ON)  dampers 
show  a  nonlinear  behavior.  In  order  to  compare  the  three  different  configu¬ 


rations,  a  linearization  technique  is  adopted  and  equivalent  linear  constants 
that  serve  as  comparison  metrics  arc  calculated.  One  such  linearization  con¬ 
stant  is  the  equivalent  viscous  damping  based  on  the  energy  dissipated  over 
one  cycle.  This  measure  of  damping  is  convenient  to  compare  with  con¬ 
ventional  hydraulic  dampers.  Another  popular  approach  is  to  calculate  the 
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complex  modulus,  which  is  useful  to  compare  with  elastomeric  dampers. 
However,  the  linearized  constants  are  insufficient  to  accurately  describe  the 
force  vs.  displacement  hysteresis  of  nonlinear  dampers  (Ref.  23).  Keeping 
this  caveat  in  mind,  the  linearization  constants  are  calculated  and  used  to 
accurately  predict  the  linear  hysteresis  behavior  in  the  Fluidlastic®  and  MR 
(OFF)  dampers.  However,  for  the  MR  (ON)  dampers,  where  the  behavior 
is  nonlinear,  the  linearized  constants  serve  only  to  compare  with  the  linear 
dampers  and  a  nonlinear  model  is  used  to  describe  the  hysteresis. 

Equivalent  Viscous  Damping 


If  U  is  the  energy  dissipated  per  cycle,  then  the  equivalent  viscous 
damping  coefficient  is  given  by 


U 


c“r-'naxl 


(i) 


where  Q  is  the  excitation  frequency,  X0  is  the  displacement  amplitude,  and 
U  is  given  by 


U=j>  F  dx 


(2) 


For  the  damper  pair  tests,  the  Ceqv  values  for  the  six  configurations  are  plot¬ 
ted  in  Fig.  6b.  The  MR  (OFF)  zero  preload  case  is  very  close  to  zero  as  ex¬ 
pected  from  the  hysteresis  plots  in  Fig.  4a.  As  the  damper  is  preloaded,  the 
Ceqv  values  increase  to  approximately  10  Ns/m.  An  increase  in  damping 
with  the  preload  is  also  observed  with  the  Fluidlastic®  and  MR  (ON) 
dampers.  The  Ceqv  values  for  the  Fluidlastic®  dampers  remain  relatively 
constant  at  around  100  Ns/m  for  the  zero  preload  case.  This  value  is  close  to 
the  sum  of  the  Ceqv  values  for  the  individual  Fluidlastic®  dampers.  For  the 
MR  (ON)  dampers,  Ceqv  decreases  with  the  amplitude.  The  difference  be¬ 
tween  the  MR  (ON)  and  MR  (OFF)  Ceqv  values  shows  that  the  damping  in 
the  MR  damper  can  be  increased  substantially  by  applying  a  magnetic  field. 

The  Cgqy  values  for  the  individual  damper  tests  are  not  shown  here  for 
brevity.  The  individual  dampers  of  each  pair  show  similar  trends  in  the  Ceqv 
values  (Ref.  24).  The  MR  (OFF)  values  were  very  close  to  zero  since  these 
dampers  show  a  predominant  stiffness  term.  The  Fluidlastic®  damper  val¬ 
ues  showed  that  the  damping  remains  close  to  a  constant  value  of  Ceqv  =  55 
Ns/m.  The  equivalent  damping  for  the  two  MR  (ON)  dampers  exhibited  the 
same  decreasing  trend  with  amplitude.  However,  the  quantitative  values 
were  slightly  different  from  each  other.  The  Ceqv  for  low  amplitudes  were 
close  to  that  of  the  Fluidlastic®  dampers.  For  amplitudes  higher  than  0.8 
mm,  the  MR  (ON)  values  dropped  below  that  of  the  Fluidlastic®  dampers. 

For  completeness,  the  equivalent  spring  constant,  Keqv>  for  the  damper 
pair  tests  are  calculated.  The  equivalent  spring  constant  is  defined  as  the 
spring  constant  of  a  linear  spring  such  that,  for  a  given  displacement  am¬ 
plitude,  the  elastic  eneigy  stored  in  the  linear  spring  is  the  same  as  the  elas¬ 
tic  energy  of  the  damper.  In  order  to  determine  the  equivalent  spring  con¬ 
stant,  the  damping  component  of  the  force  was  subtracted  from  the  total 
force  using  the  damping  constant  Ceqv  calculated  from  Eq.  (1).  Thus, 

F elastic  =  ^ total  ~  ^eqv^  0) 


Using  the  versus  X  data,  a  curve  was  fit  such  that 


=  +  (4) 

Thus,  from  the  above  definition  of  the  equivalent  spring  constant,  the  fol¬ 
lowing  relation  for  Keqv  was  obtained: 

*^  =  *,+1*3*2  (5) 

where,  Xq  is  the  displacement  amplitude. 


In  the  cases  of  Fluidlastic®  dampers  and  MR  (OFF)  dampers,  the  con¬ 
stant  K3  was  zero  due  to  the  linear  behavior  of  the  two  dampers.  The  con¬ 
stant  X3  was  non-zero  only  for  the  case  of  MR  (ON)  dampers.  The  Keqv 
values  thus  calculated  are  plotted  for  the  different  damper  pair  configura¬ 
tions  in  Fig.  6a 
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Fig.  6.  Linearized  constants  obtained  from  the  damper  pair 
characterization:  (a)  equivalent  spring  constant,  Keqy  (b)  equivalent 
viscous  damping  constant,  Ceqv. 


Complex  Modulus 

If  the  force  input  to  the  damper  can  be  expressed  as  a  harmonic  func¬ 
tion  of  the  first  dominant  frequency  (10  Hz)  and  if  the  displacement  re¬ 
sponse  is  also  written  as  a  harmonic  function  of  that  frequency,  the  in- 
phase  components  determine  the  equivalent  stiffness  (real  part  of  the 
complex  modulus),  G\  and  the  quadrature  components  (90  deg  out  of 
phase)  determine  the  damping  (imaginary  part  of  the  complex  modulus), 
G~. 

Thus,  the  force  input  is  expressed  a sF=Fs  sin  (Q/)  +  Fc  cos  (Qr),  and 
the  displacement  response  as  X  =  Xs  sin  (Qt)  +  Xc  cos  (Qr).  The  force- 
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displacement  relation  is  given  by 


Single  Frequency  Hysteresis  Modeling 


F=G'X+tfX  (6) 

Substituting  for  F  and  X  in  Eq.  (6),  and  equating  the  coefficients  of  the  sine 
and  cosine  terms  gives  the  following  expressions  for  G'  and  G~. 


FCXC  +  FJS 
FCXS  +  FSXC 


(7) 

(8) 


A  Fourier  decomposition  was  done  with  the  force  and  displacement  time 
histories  as  obtained  from  the  load  cell  and  laser  sensor  measurements,  re¬ 
spectively,  and  the  coefficients  of  the  dominant  frequency  (10  Hz)  were 
used  to  calculate  the  G '  and  G~  values. 

The  G'  and  the  G~  calculations  for  the  individual  damper  configura¬ 
tions  are  not  shown  for  brevity.  The  G'  and  G~  values  for  the  Fluidlastic® 
and  MR  (OFF)  dampers  remained  constant  with  amplitude,  and  the  values 
for  the  individual  dampers  of  a  pair  matched  well  with  each  other  (Ref. 
24).  These  G'  and  G~  values  for  the  Fluidlastic®  dampers  also  compared 
well  with  those  obtained  by  Panda,  et  al.  in  Ref.  5.  For  the  MR  (ON) 
damper,  G '  and  G~  decrease  with  amplitude.  The  values  for  the  individual 
MR  (ON)  dampers  followed  the  same  trend  but  are  slightly  different  from 
each  other:  ■  •  ••”  .  •  -  ,  . 

The  G'  and  the  G~  values  for  the  damper  pairs  are  shown  in  Figs.  7a 
and  7b  respectively.  For  the  Fluidlastic®  dampers,  the  stiffness  G  and  the 
damping  G~  increase  when  a  preload  is  applied.  For  the  MR  dampers 
(OFF)  and  (ON),  the  stiffness  decreases,  but  the  damping  increases  as  the 
dampers  are  preloaded.  As  in  the  case  of  the  individual  damper  test  results, 
the  stiffness  and  damping  remain  fairly  constant  for  the  MR  (OFF)  case, 
and  decrease  with  amplitude  for  the  MR  (ON)  case. 

Thus,  the  individual  dampers  of  a  particular  configuration  pair  show 
identical  qualitative  and  quantitative  trends  in  properties  (Ref.  24).  Fur¬ 
thermore,  the  sum  of  the  linearization  constants  as  obtained  for  a  particu¬ 
lar  pair  from  the  individual  damper  tests  match  well  with  the  constants  ob¬ 
tained  from  the  pair  under  zero  preload  condition  from  the  damper  pair  test 
results.  Therefore,  the  rest  of  this  study  will  focus  only  on  the  damper  pair 
configurations  and  their  characterization. 


The  Fluidlastic®  dampers  show  a  linear  behavior  which  can  be  mod¬ 
eled  using  a  simple  Kelvin  chain  model  (a  linear  spring  and  a  linear  dash- 
pot  in  parallel)  (Ref.  25).  Similarly,  the  MR  dampers  in  the  OFF  condition 
can  be  also  be  modeled  using  the  Kelvin  chain.  The  spring  constants  and 
the  damping  coefficients  are  obtained  by  averaging  the  G'  and  the  G"  val¬ 
ues  (plotted  in  Fig.  7)  and  using  the  relations  K-G'  and  C=G7Q.  The 
correlation  obtained  using  the  simple  Kelvin  element  is  shown  for  the 
Fluidlastic®  damper  (zero  preload)  and  the  MR  (OFF)  damper  (preloaded) 
in  Figs.  8a  and  8b,  respectively. ‘Good  correlation  was  also  obtained  for  the 
Fluidlastic®  damper  (preloaded)  and  the  MR  (OFF)  damper  (zero  pre¬ 
load).  However,  they  have  not  been  shown  here  for  brevity. 

The  MR  dampers  in  the  ON  condition,  in  contrast  to  the  Fluidlastic® 
and  MR  (OFF)  dampers,  are  very  nonlinear  with  amplitude.  It  has  been 
shown  that  the  viscoelastic-plastic  model  is  an  accurate  and  physically 
motivated  approach  to  electrorheological  (ER)  fluid  modeling  (Refs.  11, 
14,  18-19).  Since  the  phenomenology  of  MR  fluid  behavior  is  similar  to 
that  of  ER  fluid  behavior  (Ref.  10),  the  viscoelastic-plastic  model  is  used 
in  this  study  to  describe  the  MR  (ON)  damper  hysteresis.  This  model  has 
been  used  to  model  both  ER  (Ref.  14)  and  MR  (Ref.  1 1)  dampers.  The  lin-  . 
ear  Kelvin  chain  model  for  the  Fluidlastic®  and  MR  (OFF)  dampers  is  but 
a  special  case  of  the  nonlinear  viscoelastic-plastic  model. 

So,  in  order  to  first  extract  the  magnetorheological  effect  caused  by  the 
application  of  the  magnetic  field  from  the  experimental  built-up  damper- 
force  data,  the  stiffness  and  damping  forces  for  the  MR  (OFF)  condition 
were  subtracted  from  the  MR  (ON)  force  time  histories.  Thus, 

^mrjeffect  ~  ^ mrjm  ~  ^ ’mrjoff  (9) 


where, 

Fmr_oJf=G-X  +  %~X 

and  G'  and  G~  are  corresponding  zero  preload  arid  preloaded  MR  (OFF) 
values  plotted  in  Figs.  7a  and  b. 

The  resulting  force  vs.  displacement  hysteresis  corresponding  to  the  ex¬ 
tracted  magnetorheological  effect  as  obtained  from  Eq.(9)  is  shown  in  Fig. 
9.  Figures  9a  and  9b  show  the  MR  effect  hysteresis  for  the  zero  preload  and 
the  preloaded  condition,  respectively.  An  interesting  result  is  the  qualitative 
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Fig.  7.  Linearized  constants  obtained  from  the  damper  pair  characterization:  (a)  stiffness  modulus,  G',  and  (b)  damping  modulus,  G~. 


239 


G.  M.  KAMATH 


JOURNAL  OF  THE  AMERICAN  HELICOPTER  SOCIETY 


Displacement  (mm)  Displacement  (mm) 


(a)  (b) 

Fig.  8.  Comparison  of  model  hysteresis  with  single  frequency  experimental  data  for  a  few  amplitude  cases  for  (a)Fluidlastic®  dampers  with  zero 
preload,  and  (b)  MR  (OFF)  dampers  preloaded. 
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Fig.  9.  Force  vs.  displacement  hysteresis  curves  for  the  magnetorheological  effect  extracted  from  the  MR  (ON  condition)  hysteresis  data: 
(a)  zero  preload  (b)  preloaded. 


and  quantitative  similarity  between  the  groups  of  hysteresis  cycles  for  the 
zero  preload  and  preloaded  cases.  This  indicates  that  the  preload  has  a  sig¬ 
nificant  effect  only  on  the  elastomeric  component  that  dominates  MR  (OFF) 
behavior,  and  has  no  effect  on  the  internal  geometry  of  the  dampers  (such  as 
gap  sizes  and  hence  the  volume  of  MR  fluid  that  is  energized  by  the  mag¬ 
netic  field)  which  would  have  caused  a  change  in  the  MR  effect.  The  corre¬ 
sponding  MR  effect  force  vs  velocity  hysteresis  for  the  two  preload  condi¬ 
tions  are  plotted  in  Figs.  10a  and  10b,  respectively.  The  curves  show  the 
slow  transition  from  the  pre-yield  behavior’ at  low  amplitudes  to  the  post¬ 
yield  behavior  at  high  amplitudes.  The  yield  velocity  is  approximately  50 
mm/sec.  Dashed  lines  representing  the  idealized  Bingham  plastic  damper 
model  are  drawn  to  highlight  the  onset  of  yield  at  high  amplitudes.  These  ob¬ 
servations  reaffirm  the  validity  of  using  the  viscoelastic-plastic  model  which 
incorporates  this  transition  from  pre-yield  to  post-yield  behavior. 

The  schematic  of  the  viscoelastic-plastic  model  used  for  this  study  is 
shown  in  Fig.  1 1 .  The  model  is  a  network  that  comprises  two  branches:  the 
pre-yield  and  the  post-yield  branches.  Each  branch  consists  of  a  shape  func¬ 
tion  and  a  linear  mechanism.  The  linear  mechanisms  model  the  phenome¬ 
nology  of  their  respective  rheological  domains.  The  pre-yield  behavior  is 
modeled  using  a  linear  Kelvin  chain  to  represent  the  viscoelastic  stiffness 
(Kve)  and  damping  (Cve)  components.  The  post-yield  behavior  is  modeled 


as  a  viscous  dashpot  element  (Cvi).  The  two  shape  functions,  Sve  and  Svi,  act 
as  switches  to  turn  on  and  turn  off  the  two  mechanisms  depending  on 
whether  the  fluid  is  in  the  pre-yield  or  post-yield  region.  This  transition 
yield  point  is  located  at  the  yield  velocity,  Vy  VY  is  only  a  model  parameter, 
and  does  not  physically  reflect  the  velocity  at  which  the  fluid  yields  in  the 
damper.  Thus,  the  MR  effect  as  predicted  by  the  model  is  given  by 


je  +  Vrf 

(10) 

=4  {!  _tanh  ( 

1*1  -KV 
4«  J  j 

\  (11) 

,  =  KveX+CyeX 

(12) 

=  4{1+tanh( 

W -kV 

4*  )\ 

f  (13) 

* 

II 

The  parameter  e  determines  the  rate  at  which  the  transition  through  yield 
occurs.  For  example,  e  =  0  would  result  in  a  step  jump  at  Vyy  and  as  it  is 
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Fig.  10.  Force  vs.  velocity  hysteresis  curves  for  magnetorheological  effect  extracted  from  the  MR  (ON  condition)  hysteresis  data:  (a)  zero 
preload  (b)  preloaded.  The  dashed  line  represents  an  idealized  Bingham  plastic  behavior. 


increased,  the  transition  occurs  in  a  more  gradual  manner.  Thus,  the  5  un¬ 
known  parameters  in  the  model  are  Kvr  Cvr  Cvi>  Vy  and  e.  The  parameters 
are  estimated  by  minimizing  the  error  between  the  experimental  hystere¬ 
sis  data,  which  in  this  case  is  the  MR  effect  experimental  data,  F£r  egect 
given  by  Eq.  (9)  and  the  model  prediction,  F%rjsffea  given  by  Eq."(10) 
(Refs.  11, 14, 18-19).  The  parameters  were  estimated  for  the  zero  preload 
and  the  preloaded  MR  effect  hysteresis  data,  and  for  each  amplitude  con¬ 
dition  separately.  The  estimated  parameters  are  denoted  by  the  circles  and 
squares  in  Figs.  12  and  13.  The  figures  show  that  some  of  the  identified 
parameters  are  different  for  the  zero  preload  and  preloaded  cases  although 
the  responses  are  similar.  This  is  an  artifact  of  the  optimization  procedure. 
The  sensitivity  of  the  response  to  each  of  the  parameters  varies  signifi¬ 
cantly.  Thus,  a  large  change  in  a  weakly  influential  parameter  would  be 
compensated  for  in  the  optimization  process  by  a  small  change  in  a 
strongly  influential  parameter. 

Using  the  estimated  parameters,  the  hysteresis  curves  are  recon¬ 
structed.  The  reconstructed  MR  effect  hysteresis  curves  are  plotted  with 
the  experimental  data  in  Fig.  14.  Figure  14a  shows  the  correlation  for  the 
force  vs.  displacement  hysteresis  for  the  zero  preload  case,  and  Fig,  14b 
shows  the  force  vs.  velocity  correlation  for  the  zero  preload  case.  In  order 
to  correlate  the  built-up  damper  hysteresis  for  the  MR  (ON)  damper,  Eq. 
(9)  was  used  to  calculate  Fmr  on?  and  plotted  against  experimental  built-up 
damper  data.  The  force  vs.  displacement  correlations  for  the  zero  preload 
and  the  preloaded  cases  are  shown  in  Figs.  15a  and  1 5b,  respectively.  It 

£ON)  *ui,lh^'lyCaPtUreS  11,6  n°n,inear  behaVi0r  0f  the  MR 


Dual  Frequency  Characterization 

In  addition  to  testing  the  dampers  at  a  single  frequency  of  10  Hz,  ex¬ 
periments  were  conducted  at  dual  frequencies  of  10  Hz,  which  is  the  first 
lead-lag  frequency  of  the  1/6  scale  Comanche  rotor  blade,  and  15  Hz 
which  is  the  1/rev  rotor  frequency.  This  was  done  to  assess  the  potential 
loss  of  damping  at  the  lag  frequency  due  to  dual  frequency  motion  (Ref. 
2).  The  range  of  10  Hz  amplitudes  was  the  same  as  for  the  single  fre¬ 
quency  tests,  and  the  15  Hz  amplitudes  tested  were  0.005,  0.01  and  0.02 
inches,  marked  as  *’s  in  Table  2.  An  HP  8904A  multifunction  synthesizer 
was  used  to  generate  and  sum  the  signals  with  the  two  individual  frequen¬ 
cies.  The  force  input  and  the  displacement  response  were  measured  using 
a  load  cell  and  a  laser  sensor,  respectively,  as  in  the  single  frequency  char¬ 
acterization  tests.  In  order  to  characterize  the  dampers  under  dual  fre¬ 
quency  excitation  conditions,  the  components  of  the  complex  modulus  G* 
were  determined  at  the  two  frequencies.  The  stiffness  modulus  component 
G'  at  10  Hz  for  the  three  damper  configurations,  and  for  the  two  preload 
conditions  is  shown  in  Fig.  16.  Figures  16a  and  16b  show  the  variation  of 
G'  for  the  Fluidlastic®  damper  under  zero  preload  and  preloaded  condi¬ 
tion,  respectively.  For  the  zero  preload  case  (Fig.  16a),  the  stiffness  mod¬ 
ulus  increases  with  increase  in  the  15  Hz  amplitude  and  then 
The  change  is  between  +3%  to  -7%  at  low  10  Hz  amplitudes.  At  high  am¬ 
plitudes  the  dual  frequency  excitation  does  not  have  a  significant  effect  on 
the  stiffness  which  remains  at  around  25.5  kN/m.  For  the  Fluidlastic®  pre- 
loaded  case  (Fig.  16b),  the  stiffness  drops  by  a  maximum  of  15%  at  low 
amplitudes,  and  by  about  7%  at  high  amplitudes.  Figures  16c  and  16d 
show  the  variation  of  G'  for  the  MR  (OFF)  damper  under  zero  preload  and 
preloaded  conditions,  respectively.  The  stiffness  remains  constant  for  all 
10  Hz  and  15  Hz  amplitudes,  so  that  there  is  no  effect  of  dual  frequency 
excitation.  Figures  16e  and  16f  show  the  variation  of  G'  for  the  MR  (ON) 
damper  under  zero  preload  and  preloaded  condition,  respectively.  The  ef¬ 
fect  of  dual  frequency  excitation  is  most  significant  for  the  zero  preload 
MR  (ON)  damper  (Fig.  16e)  at  low  10  Hz  amplitudes,  where  there  is  a 
50%  drop  in  stiffness  from  35  kN/m  to  18  kN/m.  However,  as  the  10  Hz 
amplitude  is  increased,  there  is  no  effect  of  dual  frequency  excitation  on 
the  stiffness,  which  remains  at  18  kN/m.  The  trends  are  the  same  for  the 
MR  (ON)  damper  in  the  preloaded  condition  (Fig.  16f),  where  there  is  a 
64%  drop  in  stiffness  from  28  kN/m  to  10  kN/m  at  a  10  Hz  amplitude  of 
0.005  inches  (0.125  mm).  For  high  amplitudes,  the  stiffness  is  insensitive 
to  dual  frequency  excitation,  and  remains  at  10  kN/m. 

.  Figure  17  shows  the  damping  modulus  component  G"  at  10  Hz  for  the 
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Fig.  12.  Parameter  estimation  results  and  the  fits  through  the  individual  viscoelastic  and  viscous  parameters:  (a)  Kve9  (b)  Cve,  and  (c)  Cvt 


(a)  (b) 

Fig.  13.  Parameter  estimation  results  and  the  fits  through  the  shape  function  parameters:  (a)  Vy,  and  (b)  e. 


Fig.  14.  Model  correlation  for  the  MR  effect  hysteresis  curves  for  zero  preload  condition:  (a)  force  vs.  displacement  (b)  force  vs.  velocity. 
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Fig.  15.  Model  correlation  for  the  MR  (ON)  built-up  damper  hysteresis  for  (a)  zero  preload,  and  (b)  preloaded  cases. 


three  damper  configurations  under  the  two  preload  conditions.  Figures  1 7a 
and  17b  show  the  variation  of  G "  for  the  Fluidlastic®  damper  under  zero 
/  preload  and  preloaded  condition,  respectively.  It  can  be  seen  that  the  dual 
frequency  excitation  has  a  small  to  almost  zero  effect  on  the  damping 
modulus  values.  Similar  trends  are  seen  in  Figs.  17c  and  17d,  which  show 
the  variation  of  G"  for  the  MR  (OFF)  damper  under  zero  preload  and  pre- 
loaded  condition,  respectively.  Figures  17e  and  17f  show  the  variation  of 
G"  for  the  MR  (ON)  damper  under  zero  preload  and  preloaded  condition, 
respectively.  The  damping  modulus  shows  a  significant  drop  (50  to  60%) 
as  the  15  Hz  amplitude  is  increased  at  low  10  Hz  amplitudes.  For  high 
amplitudes  of  10  Hz  frequency,  the  change  in  damping  is  almost  zero. 

Thus,  the  characterization  results  show  that  the  MR  (ON)  dampers,  due 
to  their  nonlinear  behavior,  are  significantly  affected  by  dual  frequency  ex¬ 
citation  at  low  amplitudes  (0.005  inches  (0.125  mm)),  where  they  show  50 
to  60%  degradation  in  stiffness  and  damping.  However  at  high  10  Hz  am¬ 
plitudes  (0.05  inches  (L25  mm)),  there  is  almost  no  effect  of  dual  fre¬ 
quency  excitation  on  the  stiffness  or  damping.  These  effects  of  dual  fre¬ 
quency  excitation  are  similar  to  the  effects  observed  by  Felker  et  al.  in  their 
study  of  elastomeric  dampers  (Ref.  2). 

Dual  Frequency  Hysteresis  Modeling 

The  single  frequency  excitation  experiment  results  showed  that  the 
Fluidlastic®  dampers  and  the  MR  (OFF)  dampers  behavior  is  linear.  The 
dual  frequency  characterization  results  discussed  in  the  previous  section 
confirmed  to  a  large  extent  this  linear  behavior.  Thus  the  Kelvin  element 
with  the  spring  constant  and  the  damping  coefficient  used  for  the  single  fre¬ 
quency  excitation  was  used  to  predict  the  dual  frequency  results.  Sample 
correlation  plots  for  the  Fluidlastic®  dampers  (zero  preload)  and  the  MR  . 
(OFF)  dampers  (preloaded)  are  shown  in  Figs.  1 8  and  1 9,  respectively.  It  can 
be  seen  that  the  linear  models  predict  the  dual  frequency  behavior  quite  well. 

For  the  MR  (ON)  dampers,  the  nonlinear  viscoelastic-plastic  model 
was  used  to  predict  the  dual  frequency  hysteresis  behavior.  The  maximum 
values  (amplitudes)  were  first  determined  from  the  displacement  and  the 
velocity  time  histories  of  the  dual  frequency  measurements  for  each  case. 
Using  these  values,  the  model  constants,  Kvgt  Cve,  Cvit  Vy  and  e  were  de¬ 
termined  from  the  polynomial  fits  denoted  by  the  solid  and  dashed  lines  in 
Figs.  12  and  13.  Using  these  model  constants,  the  hysteresis  cycles  were 
predicted  for  all  the  damper  configurations  and  dual  frequency  test  cases. 


The  model  predictions  for  10  Hz  amplitude  =  0.127  mm  (0.005")  cases 
using  these  parameters  are  compared  with  the  experimental  data  in  Fig.  20 
for  the  zero  preload  case  and  in  Fig.  21  for  the  preloaded  case.  These  cases 
are  in  fact  the  worst  cases  because,  as  Figs.  16e  and  16f,  and  Figs.  17e  and 
17f  show,  the  10  Hz  amplitude  =  0.127  mm  (0.005")  cases  are  the  ones 
most  severely  affected  by  dual  frequency  excitation.  Yet,  the  correlation 
results  in  Figs.  20  and  21  show  that  the  parameters  as  obtained  from  an  ap¬ 
proximate  fit  of  the  single  frequency  parameters  perform  fairly  well  in  pre¬ 
dicting  the  dual  frequency  behavior.  Better  correlation  was  obtained  for 
higher  10  Hz  amplitudes,  but  is  not  shown  here  for  the  sake  of  brevity. 

Conclusions  . 

1.  Fluidlastic®  and  MR  (OFF)  dampers  are  linear,  with  the  equivalent 
damping  and  the  complex  modulus  components,  G'  and  G",  remaining 
constant  with  varying  displacement  amplitude.  Thus,  the  Fluidlastic® 
and  MR  (OFF)  dampers  can  be  modeled  as  Kelvin  chains. 

2.  A  substantial  increase  in  damping  can  be  achieved  by  applying  a  mag¬ 
netic  field  in  the  MR  dampers.  However,  MR  (ON)  dampers  are  non¬ 
linear  with  G'  and  G "  decreasing  with  amplitude  under  single  fre¬ 
quency  excitation  conditions.  Although  the  dampers  used  in  this  study 
were  tested  in  the  ON  and  OFF  conditions,  it  is  feasible  to  continuously 
vary  the  magnetic  field  between  these  two  operating  conditions  so  as 
to  tune  the  damping  and  stiffness  properties,  albeit  not  independently, 
to  a  desired  level. 

3.  The  effect  of  the  magnetic  field  on  the  MR  damper  behavior  can  be  ex¬ 
tracted  from  the  difference  in  MR  (OFF)  and  MR  (ON)  hysteresis  data. 
This  extracted  data  reveals  the  phenomenology  of  the  MR  effect  with 
a  transition  from  pre-yield  to  post-yield  behavior.  This  yield  transition 
behavior  is  captured  well  by  the  nonlinear  viscoelastic-plastic  model. 

4.  Under  dual  frequency  excitation  conditions,  the  Fluidlastic®  dampers 
exhibit  a  mild  degradation  (about  7%  decrease)  in  stiffness,  but  no 
change  in  damping.  While  MR  (OFF)  dampers  show  no  effect  of  dual 
frequency  excitation  on  the  stiffness  or  damping,  the  MR  (ON) 
dampers  show  a  substantial  degradation  (about  50  to  60%  decrease)  in 
both  stiffness  and  damping. 

5.  Since  the  Fluidlastic®  and  MR  (OFF)  dampers  show  fairly  linear  be¬ 
havior  under  dual  frequency  excitation  conditions,  the  single  frequency 
linear  Kelvin  chain  models  predict  the  dual  frequency  behavior  fairly 
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Rg.  16.  Stiffness  modulus  variation  under  dual  frequency  conditions  for  (a)  Fluidlastic®,  zero  preload  (b)  Fluidlastic®,  preloaded  (c)  MR  damper 
(OFF),  zero  preload  (d)  MR  damper  (OFF),  preloaded  (e)  MR  damper  (ON),  zero  preload  (f)  MR  damper  (ON),  preloaded. 
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Fig.  17.  Damping  modulus  variation  under  dual  frequency  conditions  for  (a)  Fluidlastic®,  zero  preload  (b)  Fluidlastic®,  preloaded  (c)  MR 
damper  (OFF),  zero  preload  (d)  MR  damper  (OFF),  preloaded  (e)  MR  damper  (ON),  zero  preload  (1)  MR  damper  (ON),  preloaded. 
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Fig.  18.  Comparison  of  dual  frequency  Fluidlastic®,  zero  preload  experimental  data  with  hysteresis  prediction  using  model  with  parameters 
obtained  from  single  frequency  data:  (a),  (c),  and  (e)  experimental  data;  (b),  (d),  and  (f)  model  predictions. 
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Fig.  19.  fnmparlain  of  dual  frequency  MR  (OFF)  preloaded  experimental  data  with  hysteresis  prediction  using  model  with  parameters 
obtained  from  angle  frequency  data:  (a),  (c),  and  (e)  experimental  data;  (b),  (d),  and  (f)  model  predictions. 
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Kg.  21.  Comparison  of  dual  frequency  MR  (ON)  preloaded  experimental  data  with  hysteresis  prediction  using  nonlinear  viscoelastic  plastic 
model  with  parameters  obtained  from  single  frequency  data:  (a),  (c),  and  (e)  experimental  data;  (b),  (d),  and  (f)  model  predictions. 
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well.  The  nonlinear  viscoelastic-plastic  model  with  parameters  esti¬ 
mated  from  the  single  frequency  hysteresis  data  was  used  to  predict  the 
dual  frequency  hysteresis  behavior.  The  model  predictions  correlate 
well  with  the  experimental  data.  However,  the  model  can  only  be  used 
to  predict  the  forced  response  of  a  damper.  So,  the  displacement  and 
velocity  amplitudes  of  motion  are  needed  a  priori  to  determine  the  ap¬ 
propriate  model  parameters.  This  represents  a  limitation  in  that  the 
model  is  not  suited  for  capturing  transient  behavior  wherein  the  ampli¬ 
tude  is  continuously  changing,  or  responses  where  steady  state  is  not 
reached  in  a  short  span  of  time. 

This  study  demonstrates  the  feasibility  of  using  MR  dampers  for  lag 
mode  damping  applications  wherein  a  substantial  increase  in  damping  can 
be  effected  by  applying  a  magnetic  field.  Tracking  problems  arise  due  to 
dissimilarities  in  dynamic  properties  of  rotor  blades.  Lag  dampers,  which 
exert  a  strong  influence  on  blade  dynamics,  thus  can  give  rise  to  tracking 
problems  if  they  are  dissimilar.  Thus,  it  seems  feasible  that  the  properties  of 
a  set  of  dampers  in  a  helicopter  rotor  system  could  be  tuned  to  match  each 
other  thereby  helping  to  improve  the  tracking  of  the  rotor  blades.  Although 
the  MR  dampers  in  the  ON  condition  show  a  degradation  in  damping  and 
stiffness  due  to  inherent  nonlinearities,  this  problem  can  be  circumvented 
by  varying  the  magnetic  field  continuously  such  that  damping  and  stiffness 
levels  are  kept  constant  However,  a  more  detailed  study  of  the  effects  of 
continuous  variation  of  magnetic  field  needs  to  be  conducted  before  a  con¬ 
clusive  strategy  for  lag  mode  damping  augmentation  is  proposed. 
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ABSTRACT:  We  experimentally  validate  nonlinear  quasi-steady  electrorheological  (ER)  and 
magnetorheological  (MR)  damper  models,  using  an  idealized  Bingham  plastic  shear  flow  mecha¬ 
nism,  for  the  flow  mode  of  damper  operation.  An  electrorheological  valve  or  bypass  damper  was  de¬ 
signed,  and  fabricated  using  predominantly  commercial  off-the-shelf  hydraulic  components.  Both 
the  hydraulic  cylinder  and  the  bypass  duct  have  cylindrical  geometry,  and  damping  forces  are  devel¬ 
oped  in  the  annular  bypass  via  Poiseuille  (flow  mode)  flow.  Damper  models  assume  parallel  plate  ge¬ 
ometry.  Three  nondimensional  groups  are  used  for  damper  analysis,  namely,  the  Bingham  number, 

Bi,  the  nondimensional  plug  thickness,  5,  and  the  area  coefficient  defined  as  the  ratio  of  the  piston 
head  area,  Ap,  to  the  cross-sectional  area  of  the  annular  bypass,  Ad.  In  the  flow  mode  case,  the  damping 
coefficient,  which  is  defined  as  the  ratio  of  equivalent  viscous  damping  of  the  Bingham  plastic  mate¬ 
rial,  Ce(p  to  the  Newtonian  viscous  damping,  C,  is  a  function  only  of  the  nondimensional  plug  thick¬ 
ness.  The  damper  was  tested  using  a  mechanical  damper  dynamometer  for  sinusoidal  stroke  of  2  in., 
over  a  range  of  frequencies  below  0.63  Hz.  The  damping  coefficient  vs.  nondimensional  plug  thick¬ 
ness  diagram  was  experimentally  validated  using  these  data  over  a  range  of  damper  shaft  velocities  or 
frequencies  and  applied  electric  fields.  Because  the  behavior  of  ER  and  MR  fluids  are  qualitatively 
similar,  these  ER  damper  modeling  results  can  be  extended  to  analysis  of  flow  mode  MR  dampers. 


INTRODUCTION 

Electrorheological  (ER)  and  magnetorheological 
(MR)  fluids  have  been  utilized  in  controllable  valves, 
clutches,  brakes,  suspensions,  and  engine  mounts  (Stanway 
et  al.,  1996;  Duclos,  1988;  Brooks,  1992).  Several  advan¬ 
tages  may  result  from  applying  these  controllable  fluids  in 
dampers  for  aerospace  systems,  such  as  helicopter  lag  mode 
dampers  (Kamath,  Wereley  and  Jolly,  1999),  dampers  for 
landing  gear  to  semi-actively  control  nose  shimmy  and  en¬ 
hance  crashworthiness  (Ervin  et  al.,  1996;  Lou  et  al.,  1993a), 
and  semi-active  shock  and  vibration  mounts  for  avionics  sys¬ 
tems,  especially  in  naval  aircraft.  These  advantages  include 
damper  adjustability  to  account  for  varying  disturbance 
spectra,  and  tuning  of  damping  levels  at  resonance. 

ER  fluids  exhibit  complex  characteristics  and  nonlinear 
effects  due  to  applied  electric  field,  applied  load,  strain  am¬ 
plitude  and  frequency  of  excitation  in  dynamic  conditions 
(Kamath  arid  Wereley,  1997b).  In  steady  fully  developed 
flow,  ER  and  MR  fluids  tend  to  behave  like  idealized 
Bingham  plastic  shear  flows  (Kamath  et  al.,  1996;  Gavin  et 
al.,  1996a-b).  For  a  Bingham  plastic  material,  the  onset  of 
flow  does  not  occur  until  the  applied  shear  stress  exceeds  the 
dynamic  yield  stress.  Once  the  local  shear  stress  exceeds  the 
dynamic  yield  stress,  the  ER  fluid  flows  like  a  Newtonian 
fluid  with  a  constant  plastic  viscosity.  Because  of  its  simplic¬ 
ity,  the  Bingham  plastic  model  has  been  widely  used  to  de- 
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scribe  ER  and  MR  fluid  behavior  (Atkin  et  al.,  1991;  Brooks, 
1992;  Kamath  et  al.,  1996).  In  addition,  several  studies 
strongly  support  the  Bingham  shear  flow  model  as  a  simpli¬ 
fied  constitutive  model  for  ER  and  MR  fluids  (Duclos,  1988; 
Brooks,  1992;  Kamath  et  al.,  1996;  Gavin  et  al.,  1996a). 
However,  the  Bingham  plastic  model  is  a  steady  state  model 
and  assumes  that  the  fluid  is  in  the  post-yield  phase  and  is 
flowing  at  a  constant  shear  rate.  T^  does  not  account 

for  the  pre-yield  viscoelastic  behavior  which  is  important  in 
dynamic  studies  (Kamath  et  al.,  1997a-b).  We  developed  a 
ID  axisymmetric  model  for  ER  and  MR  dampers  using  the 
Bingham  plastic  model  of  ER  fluid  behavior  (Kamath  et  al., 
1996).  The  design  variables  accounted  for  dimensions  such 
as  electrode  length,  electrode  gap,  piston  area,  and  piston  di¬ 
ameter.  Dynamic  yield  stress  and  plastic  viscosity,  as  a  func¬ 
tion  of  applied  field,  are  required  material  properties  for  the 
model. 

To  describe  the  dynamic  behavior  of  ER  fluids,  alternative 
models  have  been  suggested.  In  our  prior  work  (Kamath  and 
Wereley,  1997a-c;  Kamath,  Wereley  and  Jolly,  1999),  we 
used  a  mechanisms-based  model  to  describe  pre-yield  and 
post-yield  characteristics  using  linear  viscoelastic  and  vis¬ 
cous  elements,  respectively.  The  parameters  of  the  nonlinear 
viscoelastic  plastic  model  were  identified  from  experimental 
hysteresis  cycle  data.  Makris  et  al.  (1996)  developed  an  alter¬ 
native  elastic- viscoplastic  model  to  account  for  pre-yield  and 
post-yield  behavior.  Although  the  dynamic  models  more  ac¬ 
curately  describe  fluid  behavior  under  oscillatory  loads,  the 
Bingham  plastic  model,  because  of  its  simplicity,  serves  as  a 
better  starting  point  in  the  design  of  ER  fluid-based  devices. 
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It  is  advantageous  to  develop  nondimensional  analysis  to 
test  design  concepts  at  model-scale  before  moving  to 
full-scale  prototypes.  Several  efforts  have  been  made  to  de¬ 
velop  a  set  of  nondimensional  groups  with  which  to  charac¬ 
terize  damper  performance  in  a  concise  way.  Phillips  (1969) 
developed  a  set  of  nondimensional  groups  and  correspond¬ 
ing  polynomial  solutions  to  determine  the  pressure  gradient 
in  flow  and  mixed  mode  dampers  given  the  volume  flux  due 
to  piston  motion.  This  approach  is  well-known  and  was  fur¬ 
ther  refined  in  recent  studies  by  Gavin  et  al.  (1996a-b)  and 
Makris  et  al.  (1996).  This  approach  leads  to  damper  design 
procedures  that  are  very  usefiil,  but  can  be  simplified  using 
the  nondimensional  groups  described  in  this  paper. 

Stanway  et  al.  (1996)  developed  an  alternative 
non-dimensional  scheme  for  flow  mode  dampers  utilizing  a 
friction  coefficient,  the  Reynolds  number,  and  the  Hedstrom 
number.  The  solution  procedure  also  reduces  to  a  root  find¬ 
ing  problem  for  a  polynomial. 

We  utilize  alternative  non-dimensional  groups,  based  on 
an  approximate  parallel  plate  analysis,  to  characterize  the 
field  dependent  damping  in  ER  and  MR  dampers.  The  three 
non-dimensional  numbers  are  the  Bingham  number,  Bi 
(Prager,  1961;  Leek  et  al.,  1994a-b;  Peel  juid  Bullough, 
1994),  the  nondimensional  plug  thickness,  8,  and  the  area 
coefficient  defined  as  the  ratio  of  the  piston  head  area,  Apy  to 
the  annular  area  between  the  electrodes,  Ad.  The  relationship 
between  the  damping  ^coefficient,  CeJC,  vs.  non-dimen¬ 
sional  plug  thickness,  5,  is  validated  experimentally,  using 
an  ER  bypass  damper  designed  and  fabricated  at  the  Univer¬ 
sity  of  Maryland. 

FLOW  MODE  DAMPER  ANALYSIS 


There  are  three  modes  of  damper  operation:  (1)  shear 
mode  or  Couette  flow,  (2)  flow  mode  or  Poiseuille  flow,  and 
(3)  mixed  mode  as  in  a  dashpot  damper  (Wereley  and  Pang, 
1998;  Lou  et  al.,  1993b).  The  flow  mode  of  damper  operation 
is  the  focus  of  this  paper.  Thus,  we  will  develop  an  analysis  of 
an  ER  valve  or  bypass  damper  that  operates  in  the  flow  mode. 
An  ER  damper  was  designed  and  fabricated  to  experimen¬ 
tally  validate  this  analysis.  A  schematic  of  a  flow  mode 
damper  is  shown  in  Figure  1(a).  The  damper  consists  of  a  hy¬ 
draulic  cylinder,  where  a  bypass  is  fitted  to  its  side.  The  by¬ 
pass  consists  of  two  concentric  tubular  electrodes,  and  forms 
the  annulus  through  which  the  ER  fluid  flows.  The  ER  fluid 
is  activated  by  electric  field  created  by  applying  a  voltage 
across  these  electrodes.  The  flow  mode  damper  develops  rate 
dependent  damping  forces  because  of  the  pressure  drop 
through  the  electrode  gap  as  velocity  is  applied  to  the  damper 
shaft. 

The  quasi-steady  governing  equation  obtained  from  force 
equilibrium  is  well  known  (acceleration  terms  are  ne¬ 
glected): 


3x  x  _  dp 
dr  r  dz 


Legend 

m  Seal  Positive  electrode  ^  Ground 


ER  Valve  or  Bypass 


a)  Flow  Mode  Damper 


b)  Coordinate  System  in  ER  Bypass  or  Valve 

Figure  1.  The  flow  mode  damper,  (a)  Schematic  of  the 
electrorheological  (ER)  flow  mode  or  bypass  damper,  (b)  Typical  ve¬ 
locity  profile  through  an  electrode  gap  for  an  ER  fluid  In  the  presence 
of  an  axial  (bypass  axis)  linear  pressure  gradient. 

Note  that  u  is  the  velocity,  %  is  the  shear  stress,  r  is  the  radial 
coordinate,  z  is  the  longitudinal  (bypass  axial)  coordinate, 
and  p  is  the  pressure  developed  via  piston  head  motion.  For 
the  flow  mode  damper,  the  pressure  gradient  is  assumed  to 
vary  linearly  along  the  length  of  the  electrodes.  Equation  (1) 
can  be  rewritten  as 


dr+  r  L 


(2) 


Note  that  A P = -F/Ap,  where  Ap  is  the  piston  head  area,  and  F 
is  the  applied  force.  If  we  approximate  ID  axisymmetric  ge¬ 
ometry  by  parallel  plate  geometry.  Equation  (2)  simplifies  to 


dr  _  AP 
dy~  L 


(3) 


(1) 


We  will  examine  both  Newtonian  and  Bingham-plastic  shear 
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flow  mechanisms.  In  the  case  of  Newtonian  flow,  the  shear 
mechanism  is 

du 

t=H-  (4) 

Here,  |i  is  the  plastic  viscosity.  A  Bingham  plastic  material  is 
characterized  by  a  dynamic  yield  stress.  In  the  pre-yield  con¬ 
dition,  the  fluid  in  the  annular  electrode  gap  does  not  flow  be¬ 
cause  the  shear  stress  in  the  fluid  has  not  exceeded  the  yield 
stress,  or  |x|  <  xy .  When  the  shear  stress  exceeds  the  dynamic 
yield  stress,  |x|  >  %yy  then  the  material  begins  to  flow,  and  the 
velocity  gradient  is  greater  than  zero,  or  \du/dy\  >  0.  There¬ 
fore,  the  shear  stress  can  be  expressed  as 

.  ( du 1  du 

(5) 

Thus,  a  Newtonian  fluid  can  be  viewed  as  a  Bingham  plastic 
material  with  a  dynamic  yield  stress  of  zero.  For  the  ER  fluid, 
the  dynamic  yield  stress  is  usually  approximated  by  a  qua¬ 
dratic  function  of  electric  field. 

NEWTONIAN  FLOW 


conditions  and  symmetry  conditions.  For  convenience,  we 
denote  the  velocity  profile  in  the  ith  region  as  ufy).  First  the 
velocity  boundary  conditions  at  the  inner  electrode,  y  =  0, 
and  the  outer  electrode,  y  =  d,  are 

«i(0)  =  0 

(7) 

u3(d)  =  0 

The  velocity  compatibility  conditions  are 

»i(ypi)=u2(ypi)=u2(ypo)=“3(ypo)  (8) 

Velocity  gradient  compatibility  conditions  arise  from  the 
plug  flow  moving  at  a  constant  velocity,  so  that 

ui(yPi)=u2(yPi) = “2(yPo) = “atW = o  (9) 

Finally,  the  following  velocity  symmetry  condition  must 
hold: 

ul(d-y)  =  u3(y)  (10) 

Preyield  Region 


For  Newtonian  flow,  and  assuming  parallel  plate  geometry 
(Wereley  and  Pang,  1998),  the  viscous  damping  is 


C  =  p- 


12  A*L 
Ajd? 


The  width  of  the  preyield  region  or  the  plug  thickness,  5, 
and  its  location  in  the  annular  gap,  ypi  and  y^,  as  shown  in 
Figure  1(b),  are  required  to  predict  the  damping.  From  the 
symmetry  and  compatibility  conditions,  the  following  equa¬ 
tions  must  hold: 


where  A d  is  the  cross  sectional  area  of  the  annulus  formed  be¬ 
tween  the  two  electrodes  of  the  bypass,  Ap  is  the  piston  head 
area,  d  is  the  electrode  gap,  and  L  is  the  wetted  electrode 
length. 

BINGHAM  PLASTIC  FLOW 

We  now  consider  the  approximate  parallel  plate  analysis 
of  the  flow  mode  damper  containing  an  ER  or  MR  fluid.  The 
ID  axisymmetric  analysis  is  given  in  Kamath,  Hurt  and 
Wereley  (1996).  To  predict  damping  in  ER  and  MR  dampers, 
we  must  predict  velocity  and  shear  stress  profiles  between 
the  two  tubular  electrodes  of  the  bypass,  as  a  function  of  the 
damper  shaft  force  or  velocity.  A  schematic  of  the  velocity 
profile  is  given  in  Figure  1(b).  There  are  three  flow  regions  in 
the  gap  between  the  electrodes.  Regions  1  and  3  are  postyield 
regions  where  Jr)  >  x  ,  while  Region  2  is  the  preyield  or  plug 
flow  region  where  \z  \  <  xy .  The  velocity  profile  must  be  sym¬ 
metric  about  the  center  of  the  annular  duct  because  we  as¬ 
sume  that  (1)  the  pressure  is  uniform  across  the  gap,  and  (2) 
cylindrical  or  axisymmetric  geometry  may  be  approximated 
by  parallel  plate  geometry. 

Several  conditions  must  be  satisfied  by  the  velocity  and 
shear  stress  profiles:  boundary  conditions,  compatibility 


ypo-ypi=* 

) ,pi+ypo=d 


Solving  for  the  location  of  the  plug  leads  to 

1-8) 

.  3w= fa+5) 


(id 


(12) 


where  the  nondimensionalized  plug  thickness, 


has  been  introduced.  According  to  approximate  parallel 
plate  analysis,  the  plug  is  symmetric  about  the  center  of  the 
annulus,  which  is  only  approximately  true  for  the  case  of  cy¬ 
lindrical  geometry  (Kamath  et  al.,  1996).  _ 

The  nondimensional  plug  thickness,  6,  is  determined 
from  the  shear  stress  boundary  conditions.  In  the  preyield  re¬ 
gion,  the  shear  stress  is  given  by 
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AP  . 

Z~~Ly+Al 


(14) 


The  boundary  conditions  are  t (ypi)  =  xy9  and  %(ypo)  = 
which  yields  an  expression  for  the  nondimensional  plug 
thickness 


\AP\d 


(15) 


AP 

«i  (y)  =  [y2  -  (</  -  8)y] 

AP 

«20')  =  -fV^-5)2 

8pL 

u3(y)  =  ^j-[y2-(d+8)y+d5] 


Shear  Stress  Profile 


(20) 


The  nondimensional  plug  thickness  increases  as  the  electric 
field  increases  due  to  the  field  dependence  of  the  dynamic 
yield  stress,  Tr  Thus,  the  field  dependence  of  the 
nondimensional  plug  thickness  can  be  interpreted  in  a  simi¬ 
lar  fashion  to  the  opening  and  closing  of  a  mechanical  valve: 
for  the  highest  electric  fields,  the  valve  is  “closed”  and  damp¬ 
ing  force  is  maximized,  whereas,  in  the  absence  of  electric 
field,  the  valve  is  “open”  and  the  damping  force  is  mini¬ 
mized. 

Velocity  Profile 

For  Bingham  plastic  flow,  we  substitute  Equation  (5)  into 
Equation  (3)  and  obtain  the  velocity  profile  by  direct  integra¬ 
tion,  so  that 


AP  o 

u(y)  =  —y  +  Ay +B 
2\iL 


(16) 


The  velocity  profile  in  each  region  of  flow  is  determined  by 
satisfying  the  boundary  conditions  from  Equation  (7),  and 
the  compatibility  conditions  from  Equation  (8)  and  Equation 
(9).  These  regions  are  illustrated  in  the  typical  velocity  pro¬ 
file  shown  in  Figure  1(b). 

The  boundary  conditions  for  Region  1  (post-yield)  are 
Wl(0)=0,and  Mi/(y/w)  =  0,  which  leads  to  the  velocity  profile 


(17) 


Region  3  is  a  post-yield  region,  and  the  boundary  condi¬ 
tions  are  «3(d)=0  and  0,  so  that  the  velocity  profile 


is 


“i(y)  =  ~d2  +2yp0(d-y)]  (18) 

The  velocity  of  the  plug  or  the  preyield  region,  u2  is  constant 
and  is  given  by 


The  shear  stress  profile  through  the  gap  is  determined  by 
substituting  the  velocity  profile  into  the  Bingham-plastic 
constitutive  equation  to  obtain: 


AP 


t,O0=T,.+- -l2y-(d-8)] 

^2(y)=^(2y-d) 


(21) 


T3(y)=-t,+^[2y-(rf+5)] 


DAMPING 


We  will  develop  an  expression  for  the  equivalent  viscous 
damping  constant,  Ceq, ,  in  terms  of  the  nondimensional  plug 
thickness,  8,  and  the  Bingham  number,  Bi.  The  average  ve¬ 
locity  in  the  bypass,  vd,  is  given  by 


:^v 


(22) 


where  v0  is  the  constant  piston  velocity. 

A  second  nondimensional  group,  the  Bingham  number, 
Bi,  is  defined  as  (Prager,  1961 ;  Leek  et  al.,  1994a-b;  Peel  and 
Bullough,  1994;  Wereley  and  Pang,  1998) 


Bi  =  - 


Tyd 

Wd 


(23) 


The  Bingham  number  is  the  ratio  of  dynamic  shear  stress  to 
Newtonian  shear  stress  developed  by  a  fluid  of  viscosity  p 
under  direct  shear  between  two  parallel  plates  separated  by  a 
distance,  d .  Alternatively,  the  Bingham  number  is  the  ratio  of 
nonlinear  to  linear  .shear  or  the  ratio  of  the  sum  of  the  active 
and  passive  (field  dependent)  shear  stress  over  the  passive 
(zero  field)  shear  stress. 

Thus,  the  average  velocity  of  the  flow  in  the  bypass  can  be 
expressed  in  terms  of  the  Bingham  number  as 


.  u2(y)  =  ul(ypi)  =  u3(ypa) 


(19) 


Using  these  values  for  the  plug  location,  the  complete  veloc¬ 
ity  profile  is 


vd  = 


x  yd 
pBi 


(24) 


The  dynamic  yield  stress  can  be  expressed  as 
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8  Fd 
h~2  ApL 

so  that 

5 Fd*  1 
Vrf  “  2 \iApL  Bi 


Constant  Force  Input 

(25) 

Noting  that  A P  ='  -F!Ap  leads  to 

F  =  Ceqv o  (33) 

(26)  where  the  ratio  of  the  equivalent  viscous  damping  constant, 
Ceqi  to  the  Newtonian  damping  constant,  C,  is 


Thus, 


F  2 iiA^L  Bi 
v0  d2Ad  6 


(27) 


(34) 


The  ratio  of  the  equivalent  viscous  damping  constant,  Ceq,  to 
the  Newtonian  damping  constant,  C,  is 


Ceq  _  Bi 

ir~65 


(28) 


The  nondimensional  plug  thickness,  8,  is  given  explicitly  in 
terms  of  the  input  force.  When  the  Bingham  number  tends  to 
zero,  as  in  the  case  of  strongly  post-yield  or  high  shaft  veloc¬ 
ity,  then  the  nondimensional  plug  thickness  also  tends  to 
zero,  so  that 


The  Bingham  number  can  be  expressed  in  terms  of  the 
nondimensional  plug  thickness  by  noting  that  the  total  vol¬ 
ume  flux  through  the  annulus  must  equal  the  volume  flux  dis¬ 
placed  by  the  piston.  The  volume  flux  in  each  region  of  the 
annulus  is 


Q,-b\ 


bd^AP  „ 


Vpi  u,  ( y)dy  = - 

o  1W  *  24|iL 


(1-8)3 


M4V5)’S 


*  (29) 


and 


“-6 

5 


lim  — =  lim  — ^  =  1 
Bi-»0  C  8-»o  C 


(35) 


(36) 


or  the  equivalent  viscous  damping  constant  tends  to  the  New¬ 
tonian  damping  constant  when  the  flow  mode  damper  oper¬ 
ates  in  a  strongly  post-yield  condition..*  -  «->  -  -m  .  •  *  ■  - 


bd3AP 
24  \iL 


(1-8)3 


Constant  Velocity  Input 

Here,  we  rewrite  Equation  (33)  as  a  polynomial  in  8  as 


The  total  volume  flux  is  thus 


bd*AP 
12  nL 


(1-8)2 


(30) 


so  that 


\Qf\  =  Qp=Apv0  (31) 

From  these  relationships  it  is  easily  shown  that 

Bi  =  6 - - 

(1-8)2 

Let  us  consider  two  damper  experiments:  (1 )  quasi-steady 
load  is  applied  to  the  damper,  F,  and  the  resultant  shaft  veloc¬ 
ity,  v0,  is  measured,  and  (2)  the  damper  shaft  is  translated 
with  constant  velocity,  v0,  and  the  resultant  force,  F,  is  mea¬ 
sured. 


5s'3-[H]8'+1=0  (37) 

Given  the  input  velocity,  v0,  the  Bingham  number, JBi  is  cal¬ 
culated,  and  the  nondimensional  plug  thickness,  8,  can  be 
determined  either  using  a  root  finding  algorithm  or  analyti¬ 
cally.  The  physically  sensible  root  is  the  root  that  satisfies  0  < 
8  <  1.  This  is  an  alternative  solution  methodology  to  the 
well-known  nondimensional  polynomial  introduced  by  Phil¬ 
lips  (1969),  and  utilized  by  others  (Gavin  et  al.,  1996a; 
Makris  et  al.,  1996). 

ER  BYPASS  DAMPER 

To  validate  this  nondimensional  analysis  using  the  nonlin¬ 
ear  Bingham-plastic  shear  flow,  a  high  force  («  2000  N)  and 
high  stroke  (~  5  cm)  ER  damper  was  constructed.  The 
damper  consists  of  three  main  parts:  a  hydraulic  cylinder,  in¬ 
dustrial  tube  fittings,  and  an  ER  bypass,  as  pictured  in  Figure 
2.  In  Figure  3,  a  3D  solid  model  schematic  of  the  damper  is 
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ER  Fluid  By-pass 


Hydraulic  Cylinder 


Figure  2.  The  electrorheological  bypass  damper  consists  of  a  hy¬ 
draulic  cylinder  on  which  is  fitted  a  bypass  duct  having  two  concen¬ 
tric  aluminum  tubular  electrodes.  The  ER  fluid  is  activated  by  apply¬ 
ing  voltage  across  the  two  electrodes. 

shown,  with  a  cutaway  of  the  ER  bypass  and  hydraulic  cylin¬ 
der. 

To  reduce  damper  cost,  commercial-off-the-shelf  parts, 
such  as  a  hydraulic  cylinder  and  industrial  tube  fittings,  were 
utilized  in  the  design  of  the  damper.  The  steel  hydraulic  cyl¬ 
inder  is  a  modified  hydraulic  actuator  with  a  3.08  cm  (2  inch) 
bore  and  a  maximum  stroke  of  15.24  cm  (6  inches).  The  ends 
of  the  hydraulic  cylinder  are  capped  by  two  steel  blocks  that 
have  standard  SAE  threaded  ports.  Inside  of  the  hydraulic 
cylinder  is  a  piston  head  connected  to  a  piston  rod.  The  piston 
head  is  encircled  by  lip  seals  that  prevent  fluid  from  flowing 
between  the  piston  head  and  the  interior  wall  of  the  hydraulic 


held  in  place  by  the  two  plastic  end  caps,  which  retain 
O-rings  seals  used  to  prevent  leakage  of  the  fluid.  The  inner 
tube  is  57.7  mm  long  and  the  outer  tube  has  a  diameter  of  1 8.6 
mm.  The  outer  tube  is  80.0  mm  long  and  has  an  inner  diame¬ 
ter  such  that  the  gap  between  the  two  tubes  is  0.5  mm.  These 
two  aluminum  tubes  serve  as  the  two  electrodes  by' which 
electric  field  is  applied  to  the  ER  fluid. 

The  damper  operates  by  using  the  piston  head  to  force  ER 
fluid  out  of  the  hydraulic  cylinder  on  one  side,  through  the 
bypass,  and  back  into  the  other  side  of  the  hydraulic  cylinder. 
Pushed  by  the  piston  head,  the  ER  fluid  flows  from  one  side 
of  the  hydraulic  cylinder  through  the  industrial  tube  fittings 
and  enters  the  plastic  cap.  Inside  the  plastic  caps,  the  fluid 
flow  is  split  by  an  array  of  six  diverging  pipe  channels  that  di¬ 
rect  the  fluid  between  the  two  concentric  aluminum  tubular 
electrodes  that  form  the  bypass.  Upon  exiting  the  ER  bypass, 
the  flow  is  recombined  via  a  similar  arrangement  of  six  con¬ 
verging  pipe  channels  in  the  opposite  plastic  end  cap.  The 
fluid  returns  to  the  hydraulic  cylinder  on  the  opposite  side  of 
the  piston  head  via  the  opposite  set  of  tube  fittings.  The 
damping  force  results  from  the  pressure  required  for  the  pis¬ 
ton  head  to  push  the  ER  fluid  through  the  bypass. 

EXPERIMENTAL  SETUP 

In  this  section,  we  present  the  experimental  setup  for  the 
ER  damper  testing,  including  filling  of  the  damper  and  test¬ 
ing  of  the  damper  using  the  damper  dynamometer. 


CUTAWAY  DETAIL 


Figure  3.  Solid  model  of  the  electrorheological  damper  with  a  cutaway  detail  showing  how  the 
fluid  is  channeled  through  the  plastic  caps  into  the  electrode  gap. 
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perimental  issue.  The  damper  is  charged  with  ER  fluid, 
Bayer  Rheobay  3565.  The  ER  fluid  is  highly  viscous  and 
cannot  be  easily  poured  into  the  device.  Furthermore,  trap¬ 
ping  excess  air  in  the  hydraulic  cylinder  during  the  filling 
process  creates  a  compliant  air  bubble  and  this  should  be 
.  minimized  to  successfully  validate  our  Bingham  plastic 
analysis.  Also,  no  provision  was  made  for  an  inert  gas  accu¬ 
mulator  with  which  to  pressurize  the  ER  fluid  and  prevent 
cavitation  in  the  design  or  the  analysis.  The  piston  rod  vol¬ 
ume  in  the  hydraulic  cylinder  changes  throughout  the 
damper  stroke  and  some  air  in  the  hydraulic  cylinder  was 
necessary  to  permit  piston  rod  travel  in  and  out  of  the  hydrau¬ 
lic  cylinder.  Thus,  a  small  necessary  amount  air  was  injected 
into  the  hydraulic  cylinder  for  this  purpose  (Dixon,  1 999).  To 
control  the  excess  air  in  the  damper  and  to  help  fill  the 
damper,  a  filling  station  was  constructed.  To  prevent  trapping 
excess  air  in  the  hydraulic  cylinder,  the  filling  station  evacu¬ 
ates  the  air  in  the  damper  before  the  ER  fluid  is  allowed  to 
flow  into  the  damper.  In  addition,  evacuating  the  air  from  the 
damper  supplies  the  pressure  gradient  needed  to  push  the  vis¬ 
cous  ER  fluid  into  the  damper.  The  filling  station  consists  of 
two  polycarbonate  plastic  reservoirs  that  are  15.24  cm  (6 
inches)  in  diameter.  To  fill  the  damper,  two  polypropylene 
tubes  with  needle  valves  connect  each  reservoir  to  one  end  of 
the  hydraulic  cylinder.  ER  fluid  is  poured  in  one  of  the  reser¬ 
voirs  and  a  vacuum  pump  removes  the  air  from  the  other  res¬ 
ervoir.  Next,  the  needle  valve  between  the  hydraulic  cylinder 
and  evacuated  reservoir  is  opened,  evacuating  the  air  from 
the  damper.  Then,  the  needle  valve  between  the  ER  fluid 
filled  reservoir  and  the  hydraulic  cylinder  is  opened,  so  that 
the  ER  fluid  fills  the  damper.  Some- airin'  thedamper  is  " 
needed  to  allow  for  the  change  in  piston  rod  volume  in  the  hy¬ 
draulic  cylinder.  This  is  controlled  by  moving  the  piston  to 
the  beginning  of  its  stroke,  and  then  allowing  air  to  enter  the 
hydraulic  cylinder  as  the  piston  completes  its  stroke.  The  air 
bubble  is  maintained  in  the  top  of  the  hydraulic  cylinder  dur¬ 
ing  testing  by  keeping  the  damper  vertical,  so  that  the  air  bub¬ 
ble  does  not  travel  through  the  ER  valve  (Dixon,  1999). 

Damper  Testing 

For  the  experimental  validation  of  the  flow  mode  equa¬ 
tions,  force  measurements  from  sinusoidal  displacement  cy¬ 
cles  were  recorded  on  a  Roehrig  Engineering  5  HP  scotch 
yoke  mechanical  damper  dynamometer  at  the  University  of 
Maryland.  The  damper  dynamometer,  shown  in  Figure  4 
with  the  ER  bypass  damper  mounted  in  the  clevises,  sinusoi¬ 
dally  oscillates  the  shaft  of  the  damper,  measures  the  shaft 
displacement  using  an  LVDT  and  measures  the  applied  load 
using  a  5000  lb  load  cell. 

A  matrix  of  tests  for  5.08  cm  (2  inches)  of  stroke,  consist¬ 
ing  of  320  different  experimental  conditions,  was  collected 
on  the  damper  dynamometer  for  experimental  validation  of 
the  quasi-steady  flow  mode  damper  analysis.  The  damper 
dynamometer  proved  to  be  a  rapid  and  convenient  testing  in¬ 
strument  for  damper  testing  under  these  numerous  operating 


Figure  4.  A  mechanical  scotch-yoke  type  damper  dynamometer 
was  used  forER  bypass  damper  testing  in  the  Smart  Structures  Labo¬ 
ratory  of  the  Alfred  Gessow  Rotorcraft  Center  at  the  University  of 
Maryland. 

conditions.  Oscillation  frequency  ranged  from  0.03  to  0.63 
Hz,  in  increments  of  nominally  0.03  Hz.  The  applied  voltage 
ranged  from  0.0  kV  to  1.5  kV  in  increments  of  0.1  kV.  This 
translated  to  a  range  of  electric  field  of  0  kV/mm  to  3  kV/mm 
in  increments  0.2  kV/mm  because  the  gap  was  0.5  mm.  The 
electric  field  range  was  based  on  the  ER  fluid  manufacturers’ 
recommended  maximum  field  of  4  kV/mm  for  shear  mode 
testing,  beyond  which  the  ER  fluid  tends  to  experience  di¬ 
electric  breakdown.  Above  3  kV/mm,  the  yield  stress  no  lon¬ 
ger  increases  substantially  as  a  function  of  field,  so  that  the 
damper  properties  begin  to  saturate.  The  operating  frequency 
was  varied,  so  that  the  model  could  be  validated  over  a  larger 
range  of  velocities,  although  the  highest  frequency  tested  < 
was  0.63  Hz.  It  is  desirable  to  use  as  low  a  velocity  as  possi¬ 
ble,  as  long  as  the  input  signal  is  sinusoidal,  in  order  to  ascer¬ 
tain  the  applicability  of  the  quasi-steady  assumption  as  a 
function  of  frequency  or  damper  shaft  speed. 

EXPERIMENTAL  RESULTS 

Effect  of  Electric  Field  and  Shaft  Frequency 

In  Figure  5,  the  experimental  force  vs.  displacement  hys¬ 
teresis  cycles  are  plotted.  In  Figure  5(a),  these  force  vs.  dis¬ 
placement  hysteresis  cycles  are  plotted  as  electric  field  in¬ 
creases  in  value.  As  the  electric  field  increases  the  area 
within  the  hysteresis  cycle  increases,  indicating  that  the 
damping  or  energy  dissipated  by  the  damper  is  also  increas¬ 
ing.  For  zero  field,  0  kV/mm,  the  force  vs.  displacement  hys¬ 
teresis  cycle  is  nearly  ellipsoidal,  indicating  that  the  behavior 
of  the  damper  is  nearly  Newtonian,  or  linear,  in  nature.  As  the 
field  increases  up  to  a  maximum  of  3  kV/mm,  the  force  vs. 
displacement  characteristic  becomes  very  rectangular,  indic¬ 
ative  of  the  nonlinear  Coulomb-like  behavior  of  ER  fluids  at 
full  field.  However,  as  shown  in  Figure  5(b),  if  the  root  mean 
square  (RMS)  velocity  or  frequency  of  the  sinusoidal  shaft 
excitation  is  increased,  the  force  vs.  displacement  becomes 
more  ellipsoidal,  indicating  that  the  damper  behavior  is  be- 
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Figure  5.  Typical  force  vs.  displacement  hysteresis  cycle  data  mea¬ 
sured  using  the  damper  dynamometer,  (a)  As  the  electric  field  in¬ 
creases ,  the  area  inside  the  hysteresis  cycle,  and  hence  the  damp¬ 
ing  level ;  also  increases.  Shown  are  data  for  0.22  Hz  as  electric  field 
ranges  from  0to3  kV/mm  in  increments  of0.6kVfmm .  (b)  /Is  the  shaft 
velocity  or  frequency  increases,  the  force  vs.  displacement  hyster¬ 
esis  cycle  diagram  begins  to  resemble  more  Newtonian  (ellipsoidal) 
than  the  Coulomb  (rectangular)  hysteresis  cycle  shape.  Shown  are 
data  for  applied  electric  field  of  1.4  kVfmm  as  frequency  ranges 
through  0. 12,  0.25,  0.38,  0.50,  and  0.63  Hz. 

coming  more  linear  or  Newtonian,  although  the  behavior  still 
remains  quite  nonlinear. 

Nonlinear  Damper  Response 

In  Figure  6,  the  force  vs.  displacement  and  force  vs.  veloc¬ 
ity  are  plotted  for  a  2  inch  stroke,  for  electric  field  values  of  0 
kV/mm,  0.6  kV/mm,  1.2  kV/mm,  1.8  kV/mm,  2.4  kV/mm 
and  3.0  kV/mm.  These  data  are  shown  for  a  frequency  of  os¬ 
cillation  of  0.63  Hz.  As  the  electric  field  increases,  the  area 
enclosed  by  the  force  vs.  displacement  hysteresis  cycle, 
shown  Figure  6(a),  also  increases  implying  that  both  the 
damping  and  energy  dissipation  over  a  single  cycle  also  in¬ 
crease.  As  the  electric  field  increases,  the  Coulomb-like 


Velocity  [mm/s] 


Figure  6.  Typical  force  vs.  displacement  and  force  vs.  velocity  hys¬ 
teresis  cycle  data  measured  using  the  damper  dynamometer.  Data  is 
shown  for  £2=0.63  Hz,  and  is  plotted  for  applied  electric  field  of  0 
kVfmm,  0.6  KV/mm,  1.2  KV/mm,  1.8  kV/mm,  2.4  KV/mm  and  3.0 
kV/mm.  (a)  As  electric  field  increases,  the  area  inside  the  hysteresis 
cycle,  and  hence  the  damping  also  increases,  (b)  As  the  electric 
field  increases,  the  yield  force  also  increases,  which  is  directly  re¬ 
lated  to  the  dynamic  yield  stress  property  of  the  ER  fluid. 

damping  behavior  tends  to  be  accentuated,  as  evidenced  by 
the  change  from  a  near-ellipsoidal  force  vs.  displacement 
characteristic,  to  one  that  is  more  rectangular  in  nature.  The 
force  vs.  velocity  behavior,  shown  in  Figure  6(b),  is  reminis¬ 
cent  of  Bingham-plastic  shear  flow  as  expected,  and  the  pres¬ 
ence  of  the  compliant  air  bubble  in  the  hydraulic  cylinder 
damper  is  manifested  by  the  force  impulses  at  intermediate  to 
high  positive  shaft  velocities  (greater  than  50  mm/s)  as  the  air 
bubble  is  fully  compressed.  A  smaller  less  significant  force 
impulse  can  be  seen  in  the  force  vs.  velocity  diagram  for  neg¬ 
ative  velocities. 

Energy  Dissipation  and  Damping 

Equivalent  linearization  is  a  standard  linearization  tech¬ 
nique  that  can  be  applied  to  a  nonlinear  damper  such  as  this 
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ER  damper.  The  damper  restoring  force, /(f),  is  proportional 
to  the  damper  shaft  velocity,  v(r),  as 

f(t)-Ceqv(t)  (38) 

where  Ceq  is  the  equivalent  viscous  damping. 

The  equivalent  viscous  damping,  Ceq,  is  computed  by 
equating  the  energy  dissipated  over  acycle,  E,  at  frequency  £2 
using 


where  T|  is  the  loss  factor.  This  is  a  common  approach  in  the 
characterization  of  elastomeric  dampers  (Kamath,  Wereley 
and  Jolly,  1999;  Felker  et  al.,  1987;  McGuire,  1994;  Panda  et 
al.,  1996;  Kunz,  1997).  Alternatively,  K'  is  the  effective  or 
equivalent  stiffness,  while  K"  is  related  to  the  equivalent  vis¬ 
cous  damping  in  an  approximate  way  by  . 


(42) 


£  =  (j)  F(t)dx  =  j*K>n  F(t)v(t)dt  <39) 


and  equating  the  dissipated  energy  of  the  nonlinear  device  to 
that  of  an  equivalent  viscous  damper 


E 

nnx* 


(40) 


where  Q  is  the  sinusoidal  test  frequency,  and  X0  is  the  sinu¬ 
soidal  displacement  input  amplitude.  The  energy  dissipated 
over  one  cycle  is  computed  using  a  Riemann  sum.  We  calcu¬ 
lated  equivalent  viscous  damping  using  the  measured  force 
vs.  displacement  hysteresis  data,  and  the  results  are  shown  in 
Figure  7.  However,  this  approach  to  characterizing  the 
damper  linearizes  the  damper  to  be  an  ideal  dashpot  at  every 
operating  condition,  so  that  Ceq  is  a  function  of  both  the  ap¬ 
plied  electric  field,  E ,  and  the  frequency. 


Complex  Stiffness 


A  second  approach  is  to  characterize  the  complex  damper 
stiffness,  K *,  as  the  in-phase  or  storage  stiffness,  K\  and 
quadrature  or  loss  stiffness,  1C\  so  that 


K*  =  K'  +  jK"  =  K\\ +jr\)  (41) 


Frequency  [Hz) 


Figure  7.  The  equivalent  viscous  damping  of  the  electrorheological 
bypass  damperis  plotted  vs.  frequency. 


The  relation  is  approximate  because  the  complex  stiffness 
considers  only  the  harmonic  at  frequency  fl  as  will  be  shown 
below.  To  determine  the  damper  force, 


K" 

/( 0  =  Flc  cos  Qt + Fls  sin  Qt  =  K'x(t) + — v(t)  (43) 

Here  Fu  and  Fu  are  the  cosine  and  sine  Fourier  coefficients 
of  fit)  at  frequency  £1  We  assume  that  the  displacement  is  si¬ 
nusoidal 


x(t)  =  Xlc  cos  Qt + Xu  sin  Qt  (44) 


Frequency  [Hz] 


Frequency  [HzJ 


Figure  8.  The  complex  stiffness ,  or  the  stiffness  and  damping,  and 
the  loss  factor  of  the  ER  damper  are  plotted  vs.  frequency. 
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where  Xic  and  Xh  are  the  cosine  and  sine  Fourier  coefficients 
of  x(t)  at  frequency  £1  Substituting  x(t)  into  the  force  equa¬ 
tion  and  equating  the  sine  and  cosine  terms,  yields  the 
in-phase  and  quadrature  stiffnesses  as 


In  general,  this  calculation  would  be  performed  for  a  sweep 
in  the  oscillation  frequency,  £1 
The  results  for  such  a  complex  stiffness  calculation  is  plot¬ 
ted  versus  frequency  in  Figure  8  for  the  ER  damper.  The 
linearized  perspective  is  not  convenient  because  this  ap¬ 
proach  characterizes  the  damper  behavior  as  a  simple 
viscoelastic  element  at  every  operating  condition,  so  that  K' 
and  K"  are  a  function  of  both  the  applied  electric  field,  E,  and 
the  frequency.  These  results  reflect  the  same  trends  as  the 
equivalent  viscous  damping  calculations  above. 


Figure  9 .  The  force  vs.  velocity  hysteresis  diagrams ,  shown  fora  fre¬ 
quency  of  £2=0. 63  Hz,  has  been  truncated  to  include  only  those  data 
corresponding  to  operating  conditions  where  the  damper  shaft  is 
decelerating  in  order  to  eliminate  the  compliant  air  bubble  effects 
from  the  Bingham  plastic  analysis. 


PARAMETER  IDENTIFICATION 

The  two  critically  important  material  properties  used  in 
developing  the  nondimensional  analysis  are  the  plastic  vis¬ 
cosity,  p,  and  dynamic  yield  stress,  xy.  Both  material  proper¬ 
ties  can  be  functions  of  electric  field.  In  Figure  9,  the  force  vs. 
velocity  behavior  is  plotted  for  the  same  conditions  shown  in 
Figure  6,  however,  the  data  is  plotted  only  for  decelerating 
damper  shaft  motion.  The  data  clearly  show  that  the  damper 
behavior  may  be  approximated  by  the  Bingham-plastic 
model.  If  the  high  velocity  (i.e.,  v  greater  than  75  mm/s), 
force  vs.  velocity  linear  asymptote  is  projected  back  to  the 
force  axis,  its  intercept  with  the  force  axis  determines  the 
value  of  the  yield  force,  Fy ,  from  which  the  dynamic  yield 
stress,  ly,  can  be  determined.  The  slope  of  this  linear  asymp¬ 
tote  provides  the  post-yield  damping,  Cpo ,  from  which  the 
plastic  viscosity  may  be  determined. 

The  Bingham  plastic  model  results  from  adding  a  yield 
force  to  a  linear  viscous  damping  model.  This  shear  flow 
mechanism  was  used  to  develop  predictive  models  assuming 
both  parallel  plate  geometry  (Lou  et  al.,  1993b;  Makris  et  al., 
1996;  Wereley  and  Pang,  1998)  or  axisymmetric  geometry 
(Kamath  et  al.,  1996;  Gavin  et  al.,  1996a-b).  Yield  force,  Fyi 
and  postyield  damping,  Cpo ,  are  included  in  the  model. 

Cpov  +  Fy  v>0 

fit)  = -Fy  <  m  <  Fy  V  =  0  (46) 

Cpov~Fy  v<0 

Here,  v  is  the  shaft  velocity.  The  damper  model  assumes  that 
in  the  preyield  condition,  the  ER  fluid  is  rigid  and  does  not 


flow,  hence,  when  |/(f )|  <  Fy  the  shaft  velocity,  v  =  0.  Once 
the  force  applied  to  the  damper  exceeds  the  yield  force,  then 
the  fluid  begins  to  flow,  and  the  material  is  essentially  a  New¬ 
tonian  fluid  with  a  non-zero  yield  stress. 

Clearly,  from  Figure  9,  the  force  vs.  velocity  response  is 
not  symmetric.  For  shaft  inward  motion,  the  piston  head  area 
is  given  by  A^,  whereas  during  outward  shaftmotion;  the  pis- 
ton  head  area  is  given  by  Ap  -As,  where  As  is  the  damper  shaft 
cross-sectional  area.  A  parameter  identification  was  devel¬ 
oped  to  produce  estimates  of  the  yield  force  for  shaft  inward, 
Fy,  and  shaft  outward  motion,  F°,  and  postyield  damping 
for  both  shaft  inward,  C^,  and  shaft  outward  motion,  C°po, 
separately. 

These  parameters  of  Bingham  plastic  model,  C^,,  C^,, 
Fy,  and  F°  were  identified  as  a  function  of  applied  electric 
field,  using  a  constrained  least  mean  squared  (LMS)  error 
minimization  procedure  using  MATLAB  subroutines.  A  cost 
function,  J,  was  defined  as  .  ..  .  .  . 

J(Cipo,C°po,F},Fy°)  =  fi[f(tk)-hk)]2  (47) 

k=l 

where  f(tk)  is  the  force  calculated  using  the  equations  of  the 
nonlinear  Bingham-plastic  model  in  Equation  (46),  /(f*)  is 
the  measured  force,  and  tk  is  the  time  at  which  the  Mi  sample 
was  taken.  The  parameters  of  C-*, ,  C£,,  F‘,  and  Ff  are  es¬ 
timated  so  as  to  minimize  the  cost  function,  J,  and  are  con¬ 
strained  to  be  greater  than  zero.  Force  vs.  velocity  data  corre 
sponding  only  to  decelerating  phase  of  the  damper  shaft 
motion  is  included  in  the  optimizer  for  shaft  speeds  greater 
than  75  mm/s,  as  shown  in  Figure  9. 
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In  this  constitutive  model,  the  yield  force,  Fy ,  is  obtained 
from  the  postyield  force  vs.  velocity  asymptote  intercept 
with  the  force  axis.  Recall  that  the  dynamic  yield  stress  is 
given  by 


.  =  5  Fd 
y  2  ApL 


(48) 


At  the  yield  point,  the  force  applied  to  the  damper  is  the  yield 
force,  Fy ,  and  the  plug  fills  the  annulus,  so  that  5=1.  From 
Equation  (48),  the  yield  stress  can  then  be  estimated  as 


Fid  F°d 

T  -  — L —  or  T  _ - 1 - 

51  2  ApL  y  2(Ap-As)L 


(49) 


The  post  yield  damping,  is  given  by  the  slope  of  the  high 
velocity  asymptote.  Recall  that  the  Newtonian  damping  is 
given  by 


C  = 


12  A$L 
'  AA2 


(50) 


Recognizing  that  for  non-zero  electric  field,  the  above  damp¬ 
ing  constant  is  the  postyield  damping,  Cpo ,  leads  to  an  esti¬ 
mate  of  the  plastic  viscosity, 


Ajl 


12  AlL 


° po 


or  p  = 


AAd 


l2(Ap-AsYL 


(51) 


The  results  of  the  parameter  identification  procedures  are 
shown  in  Figure  10.  The  dynamic  yield  stress  calculations 
are  shown  on  the  top  as  symbols  in  Figure  10(a),  and  a  second 
order  polynomial  function  is  fitted  to  these  data.  In  addition, 
the  manufacturer  quotes  only  the  high  electric  field  linear  as¬ 
ymptote,  and  its  intercept  with  the  electric  field  axis  for  zero 
yield  stress,  as  a  function  of  temperature  (Bayer,  1997). 
These  lines  are  plotted  as  dashed  lines  in  Figure  10(a).  The 
quadratic  function  fitted  to  the  identified  parameters  falls -be¬ 
tween  the  asymptotes  for  40  and  20°C.  Given  that  the  damper 
was  tested  at  ambient  room  temperature  for  relatively  low 
speeds,  and  the  damper  model  developed  above  does  not  ac¬ 
count  for  built  up  damper  effects  such  as  dynamic  shaft  and 
piston  seals,  the  dynamic  yield  stress  function  identified  by 
this  procedure  is  reasonably  accurate. 

The  viscosity  of  the  ER  fluid  can  vary  substantially  based 
on  the  volume  fraction  of  carrier  fluid.  The  manufacturer 
quoted  nominal  plastic  viscosity  values  of  p  =  73  mPa  s  at 
20°C  and  p  =  55  mPa  s  at  40°C  for  its  Rheobay  3565  product 
(Bayer,  1997).  In  Figure  10(b),  the  plastic  viscosity  identi¬ 
fied  by  the  parameter  identification  techniques  is  nearly  con¬ 
stant.  The  mean  value  of  plastic  viscosity  estimates  was  p  = 
43  mPa  s,  which  is  used  in  the  remainder  of  the  paper. 


Figure  10.  The  required  properties  of  the  yield  stress,  %/E),  and  the 
plastic  viscosity,  p(E),  are  shown  as  a  function  of  electric  field l  The 
plastic  viscosity  was  assumed  to  be  a  constant  value,  p=43  mPa  s, 
which  is  the  mean  value  of  the  estimates  shown  here. 


ANALYSIS  RESULTS 

Damping  Coefficient  vs.  Nondimensional  Plug 
Thickness 

Using  the  material  properties  of  dynamic  yield  stress  as  a 
function  of  electric  field,  t y(E)  and  plastic  viscosity,  p,  we 
can  construct  the  damping  _ coefficient,  Ceg/C  vs. 
non-dimensional  plug  thickness,  5 ,  diagram.  Foreach  of  the 
320  operating  conditions  tested  in  this  study,  the  RMS  veloc¬ 
ity  vp,  was  determined  from  the  measured  sinusoidal  veloc¬ 
ity,  v(f).  The  RMS  shaft  velocity  was  used  in  place  of  the  con¬ 
stant  shaft  velocity,  v0,  in  our  analysis.  The  Bingham  number, 
Bi,  was  then  calculated.  The  nondimensional  plug  thickness 
was  determined  by  numerically  solving  for  the  roots  of  the 
polynomial 
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3  6 

- 1 - 

2  Bi 


5+1  =  0 


(52) 


and  selecting  the  feasible  root,  or  0  <  8  <  1.  The  Newtonian 
damping,  constant,  C,  is  calculated  for  each  operating  condi¬ 
tion,  which  is  then  used  to  normalize  the  corresponding  mea¬ 
sured  equivalent  viscous  damping,  Ceq, ,  to  obtain  the  damp¬ 
ing  coefficient  for  each  operating  condition,  Ceq!C.  The 
equivalent  viscous  damping  was  calculated  using 


1  f2*/n 

(53) 

The  measured  damping  coefficient  is  plotted  vs.  the 
nondimensional  plug  thickness  as  symbols  in  Figure  1 1 .  The 
quasi-steady  analysis  result  is  shown  as  a  solid  line.  The  anal¬ 
ysis  correlates  well  with  experiment. 

Effect  of  Frequency  or  Damper  Shaft  Speed 

To  explain  the  trend  of  decreasing  dynamic  range  of  damp¬ 
ing  coefficient  as  frequency  increases,  the  force  vs.  displace¬ 
ment  hysteresis  diagrams  are  shown  in  Figure  12  for  four  fre¬ 
quencies  of  damper  shaft  oscillation:  0.06  Hz,  0.25  Hz,  0.44 
Hz  and  0.63  Hz.  For  clarity,  only  the  electric  field  conditions 
of  OFF  (0  kV/mm)  and  ON  (3.0  kV/mm)  are  shown  in  the 
force  vs.  displacement  hysteresis  cycle  diagrams. 

For  the  lowest  speed  case  or  an  oscillation  frequency  of 
0.03  Hz,  the  force  increases  dramatically  from  the  OFF  to  the 
ON  condition.  The  damper  has  a  large  dynamic  range  for 
both  force  and  damping  coefficient.  The  damping  coefficient 
is  22.2  for  the  ON  condition  at  Q  =  0.03  Hz.  For  the  fre¬ 
quency  of  0.06  Hz  shown  in  Figure  12,  the  damping  coeffi¬ 
cient  is  10.3.  For  these  low  speed  operating  conditions,  the 


in  this  paper.  The  experimental  results  agree  well  with  the 
quasi-steady  analysis,  shown  as  a  solid  line. 


Figure  12.  Force  vs.  displacement  hysteresis  diagrams  at  four  fre¬ 
quencies  of  damper  shaft  oscillation :  0.06  Hz,  0.25  Hz,  0.44  Hz  and 
0.63  Hz.  For  clarity,  only  the  electric  field  conditions  of  OFF  (0 
kVJmm)  and  ON  (3  kVfmm)  are  shown  in  the  force  vs.  displacement 
hysteresis  cycle  diagram. 


damper  is  operating  closest  to  the  yield  condition  and  has  the 
highest  dynamic  range  or  damping  coefficient.  For  the  high 
speed  case  or  an  oscillation  frequency  of  0.63  Hz,  the  force 
vs.  displacement  hysteresis  cycles  are  shown  in  Figure  12. 
The  difference  in  energy  dissipation  between  the  OFF  and 
ON  conditions,  represented  by  the  area  enclosed  by  the  force 
vs.  displacement  hysteresis  cycle,  is  reduced  from  the  lowest 
speed  case.  The  dynamic  range  for  this  operating  condition  is 
1.54.  Due  to  the  small  dynamic  range,  this  device  is  a  rela¬ 
tively  poor  semi-active  damper  at  0.63  Hz  compared  to  the 
lower  frequencies  tested.  Finally,  the  damper  performance  at 
the  mid  range  frequencies  of  oscillation,  0.44  Hz  demon¬ 
strates  the  performance  of  this  device  for  moderate  speed  or 
frequency.  The  force  vs.  displacement  diagram  is  shown  in 
Figure  12.  The  force  in  the  full  field  or  ON  condition  is  more 
than  two  times  that  of  the  OFF  condition.  For  a  frequency  of 
operation  of  0.44  Hz,  the  maximum  damping  coefficient, 
Ceq/C,  is  1.85.  For  a  frequency  of  operation  of  0.25  Hz,  the 
maximum  damping  coefficient,  Ceq/C,  is  2.76  demonstrating 
moderate  dynamic  range  at  moderate  frequencies. 


Limitations  of  the  Analysis 

The  analysis  presented  above  is  of  limited  scope,  but  was 
shown  to  be  useful  in  the  design  of  ER  dampers.  The  analysis 
does  not  account  for  numerous  effects  that  might  manifest 
themselves  in  a  fabricated  damper.  Some  of  these  limitations 
are  described  below: 

1.  The  analysis  assumes  constant  or  quasi-steady  loading 
and  fully  developed  flow.  The  analysis  neglects  fluid 
mass.  This  may  be  an  important  factor  in  MR  fluid  appli¬ 
cations,  where  the  specific  gravity  is  substantially  higher 
than  that  of  ER  fluids.  This  increased  specific  gravity 
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would  reduce  the  range  of  frequencies  over  which  the 
quasi-steady  assumption  is  valid. 

2.  The  damper  used  to  experimentally  validate  the  analysis 
described  in  this  paper  has  only  a  single  acting  piston  rod, 
so  that  the  piston  rod  volume  inside  the  damper  varies 
throughout  the  stroke.  Although  our  analysis  neglects  the 
resulting  compressibility  effects  that  result  from  this, 
changing  rod  volume,  this  spring  effect  does  not  affect  the 
prediction  of  the  damping  coefficient,  CeJC . 

3.  Contributions  of  piston  rod  seals,  piston  head  rings,  and 
sources  of  friction  and  damping  present  in  the  damper 
other  than  the  controllable  fluid  effects,  are  neglected. 
The  overall  force  levels  are  sufficiently  high  that  these 
parasitic  damping  effects  are  small  relative  to  the  control¬ 
lable  damping  effects. 

4.  Dampers  are  often  pressurized  to  avoid  cavitation  effects 
(Dixon,  1999).  Pressurization  tends  to  squeeze  out  ad¬ 
sorbed  gas  in  the  fluid,  resulting  in  a  small  increase  in  the 
yield  stress  of  the  fluid  at  a  given  field  level.  The  pressur¬ 
ization  is  typically  set  at  a  fixed  or  static  pressure.  Thus, 
the  parameter  identification  procedures  outlined  in  this 
paper  can  easily  account  for  quasi-steady  variations  in 
yield  stress  and  plastic  viscosity  as  a  function  of 
quasi-steady  variations  in  temperature. 

5.  ER  fluids  tend  to  experience  changes  in  properties  as  tem¬ 
perature  varies,  however,  these  temperature  effects  are  ne¬ 
glected  in  the  model.  Since  the  dependence  of  these  mate¬ 
rial  properties  on  temperature  can  be  measured,  this 
analysis  can  be  applied  to  quasi-steady  temperature  varia¬ 
tions. 

In  spite  of  these  limitations,  this  analysis  predomihahtly  ac- f  ; 
counts  for  the  ER  damper  behavior  over  the  range  of  electric 
field,  stroke  and  quasi-steady  frequency  experimentally 
tested  in  this  paper. 

CONCLUSIONS 

Approximate  parallel  plate  analysis  of  an  ER  flow  mode 
damper  was  presented  based  on  well  known  prior  work  by 
Phillips  (1969).  The  approximate  parallel  plate  analysis  was 
modified  to  emphasize  the  central  role  that  the 
nondimensional  plug  thickness  plays  in  determination  of  the 
equivalent  viscous  damping  levels  in  an  ER  fluid  damper.  To 
validate  this  analysis,  an  ER  bypass  damper  was  designed, 
fabricated,  and  tested  on  a  damper  dynamometer.  A  prelimi¬ 
nary  experimental  validation  of  the  damping  coefficient  vs. 
nondimensional  plug  thickness  analysis  was  presented  using 
low  frequency  hysteresis  cycle  data.  Based  on  this  work,  the 
following  conclusions  can  be  drawn: 

1.  For  the  flow  mode  damper,  the  nondimensional  damping 
coefficient,  CeJC,  is  a  function  of  only  the 
nondimensional  plug  thickness,  6. 

2.  The  feasibility  of  designing  ER  dampers  using  a  Bingham 
plastic  analysis  was  demonstrated  using  the  simple  rela¬ 


tionship  between  the  damping  coefficient,  CeJC  and  the 
nondimensional  plug  thickness,  5. 

3.  The  dynamic  yield  stress;  xyi  was  shown  to  be  an  increas¬ 
ing  quadratic  function  of  increasing  electric  field  for  the 
Rheobay  ER  fluid  used  in  this  study.  In  addition,  the  plas¬ 
tic  viscosity  was  shown  to  be  nearly  constant  as  a  function 
of  electric  field. 

4.  The  damping  coefficient,  CeJC,  vs.  nondimensional  plug 
thickness,  8  diagram  determined  via  analysis  correlated 
with  experimental  data.  The  C€JC  vs.  diagram  measures 
if  an  ER  damper  will  provided  an  adequate  dynamic  range 
of  forces  and  energy  dissipation  for  a  given  operating  fre¬ 
quency  range.  This  diagram  can  also  show  if  the  damper  is 
operating  in  essentially  the  Newtonian  or  passive  condi¬ 
tion,  that  is,  Ceq/C~  1. 

5.  Although  the  Bingham  plastic  model  does  not  precisely 
describe  the  force  vs.  velocity  hysteresis  cycle,  it  was 
shown  to  be  an  excellent  predictor  of  energy  dissipation 
over  a  cycle. 

Thus,  the  analysis  presented  here  is  useful  in  designing  ER 
flow  mode  dampers  in  order  to  meet  a  specification  of  damp¬ 
ing  performance. 


NOMENCLATURE 

b  =  Inner  electrode  circumference  (b  =  2nR{) 

Electrode  gap 
w(y)=  Velocity  profile 
yd  =  Mean  RMS  flow  velocity  in  annulus 
v0  =  Constant  (quasi-steady)  shaft  velocity  " 
vp=  RMS  shaft  velocity 

y  =  Radial  coordinate  referenced  to  inner  electrode  of 
bypass 

ypi  =  Inner  location  of  plug 
ypo  =  Outer  location  of  plug 
Ad  =  Cross  sectional  area  of  annulus  (Ad  =  bf) 

Ap  —  Cross  sectional  area  of  piston  head 

As  =  Cross  sectional  area  of  shaft 

Bi  =  Bingham  number  (non-dimensional) 

C=  Viscous  damping  (Newtonian) 
ceq  -  Equivalent  viscous  damping  (Bingham-piastic) 

E  =  Electric  field 
F  =  Force  applied  to  damper  shaft 
L  =  Wetted  inner  electrode  length 
Q  =  Total  volume  flux  through  annulus 
<2i  =  Volume  flux  in  region  1  of  gap  where  t  >  xy 
Qi  =  Volume  flux  in  region  2  of  gap  where  x  <  xy 
Qs  =  Volume  flux  in  region  3  of  gap  where  x  >  xy 
Qp  =  Volume  flux  due  to  piston  motion 
5  =  Plug  thickness 
5  =  Ratio  of  plug  thickness  to  gap 
p  =  Plastic  viscosity 
x  =  Shear  stress 
xy  =  Dynamic  yield  shear  stress 
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ABSTRACT:  Double  adjustable  shock  absorbers  allow  for  adjustment  of  their  yield  force  and 
post-yield  damping.  To  emulate  the  performance  of  a  conventional  double  adjustable  shock  absorber, 
an  electrorheological  (ER)  automotive  shock  absorber  was  designed  and  fabricated  at  the  University 
of  Maryland.  An  applied  electric  field  between  two  tubular  electrodes,  located  in  the  piston  head,  in¬ 
creases  the  force  required  for  a  given  piston  rod  velocity.  Two  different  shaped  gaps  between  the  elec¬ 
trodes,  meet  the  controllable  performance  requirements  of  a  double  adjustable  shock.  A  uniform  gap 
primarily  adjust  the  yield  force  of  the  shock  absorber,  as  opposed  to  a  non-uniform  gap  which  allow 
for  control  of  the  post-yield  damping.  Force  measurements  from  sinusoidal  displacement  cycles,  re¬ 
corded  on  a  5  HP  mechanical  dynamometer,  validate  the  performance  of  uniform  and  non-uniform 
gaps  for  yield  force  and  post-yield  damping  adjustments. 


INTRODUCTION 

TO  adjust  for  optimal  performance,  mechanisms  on  the 
main  piston  head  and  in  the  pneumatic  reservoir  inde¬ 
pendently  control  the  yield  force  and  damping  of  double  ad¬ 
justable  shocks.  However,  manual  adjustment  of  the  shock 
requires  time  consuming  disassembly  of  the  device.  In  con¬ 
trast,  electrorheological  fluids  (ER),  with  an  electric  field  de¬ 
pendent  yield  stress,  can  vary  the  amount  of  damping  with¬ 
out  disassembly  of  the  device  [1,2,3].  To  emulate  the 
performance  of  a  conventional  double  adjustable  shock  ab¬ 
sorber,  an  electrorheological  (ER)  automotive  shock  ab¬ 
sorber  was  designed  and  fabricated  at  the  University  of 
Maryland.  During  piston  rod  motion,  ER  fluid  flows  through 
the  piston  head  in  a  gap  between  tubular  electrodes.  An  ap¬ 
plied  electric  field  in  the  gap  increases  the  yield  stress,  xy  (E), 
of  the  ER  fluid  between  the  electrodes.  The  yield  stress  iters 
the  velocity  profile  of  the  fluid  and  raises  the  pressure  re¬ 
quired  for  a  given  flow  rate.  Different  electrode  configura¬ 
tions  are  developed  and  modeled  to  control  the  shock’s  yield 
force  and  post-yield  damping.  Force  measurements  from  si¬ 
nusoidal  displacement  cycles,  recorded  on  a  5  HP  mechani¬ 
cal  dynamometer,  validate  the  performance  of  uniform  and 
non-uniform  gaps  for  yield  force  and  post-yield  damping  ad¬ 
justment  without  disassembly  of  the  damper. 

DOUBLE  ADJUSTABLE  SHOCK  ABSORBER 

Due  to  its  adjustable  performance,  an  8100  series  Penske 
double  adjustable  shock  represents  the  baseline  design  crite¬ 
rion  for  the  performance  of  a  semiactive  automotive  shock 


absorber.  The  force  vs.  velocity  cycles  of  many  automotive 
shocks  may  be  separated  into  four  distinct  regions: 
low-speed  compression,  high-speed  compression, 
low-speed  rebound  and  high-speed  rebound.  A  unique 
damping  constant  characterizes  each  region,  and  a  distinct 
yield  force  divides  the  low  and  high-speed  regions  [4]  (Fig¬ 
ure  1). 

The  Penske  damper  consists  of  a  main  hydraulic  cylinder 
connected  to  a  remote  pneumatic  reservoir  via  a  hydraulic 
hose.  The  main  hydraulic  cylinder  contains  a  piston  head  as¬ 
sembly,  piston  rod  and  conventional  hydraulic  fluid.  The  re¬ 
mote  pneumatic  reservoir  contains  a  floating  piston  that  sep-* 
arates  compressed  nitrogen  from  the  hydraulic  fluid. 
Mechanisms  on  the  main  piston  head,  and  in  the  pneumatic 
reservoir,  allow  for  independent  control  of  the  shock  ab¬ 
sorber’s  yield  force  and  damping  during  the  compression 
and  rebound  strokes. 

A  typical  cycle  of  the  Penske  damper  begins  with  low- 
speed  compression  of  the  piston  rod,  during  which  fluid 
flows  through  small  orifices  in  the  piston  head.  In  addition, 
the  increasing  rod  volume  within  the  damper  body  forces  an 
equal  volume  of  fluid  through  an  orifice  into  the  pneumatic 
reservoir.  Changing  the  orifice  size  in  the  pneumatic  rcser-. 
voir  controls  the  compression  damping  [Figure  2(a)].  As 
compression  speed  increases,  fluid  pressure  on  the  compres¬ 
sion  valve  stack  increases.  Each  valve  stack  consists  of  a  se¬ 
ries  of  steel  shims  that  collectively  act  as  a  preloaded  spring 
[Figure  2(b)] .  As  a  result,  high  fluid  pressure  causes  the  valve 
stack  to  snap  open,  which  allows  fluid  to  flow  directly 
through  large  ports  in  the  piston  head.  This  parallel  flow 
greatly  decreases  the  damping  during  high-speed  compres¬ 
sion.  Changing  the  thickness  of  the  shims  alters  the  critical 
pressure  required  to  open  the  valve  stack  and  therefore  ad¬ 
justs  the  yield  force  of  the  shock  absorber. 


♦Author  to  whom  correspondence  should  be  addressed.  E-mail:  wereley@eng. 
urad.edu 
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Figure  1.  Typical  force  versus  velocity  response  of  a  double  adjust¬ 
able  shock  absorber  due  to  sinusoidal  excitation . 
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Figure  3 .  In  the  presence  of  an  electric  field,  the  ER  particles  orient 
themselves  into  particle  chains. 


During  the  rebound  stroke,  fluid  bypasses  the  piston  head 
through  a  needle  and  jet  valve  in  the  piston  rod  [Figure  2(b)]. 
The  location  of  the  jet  determines  the  rebound  damping. 
Similar  to  high  compression  speeds,  at  high  rebound  speeds 
the  fluid  pressure  yields  the  rebound  valve  stack  which  al¬ 
lows  fluid  to  easily  pass  through  the  piston  head. 

ER  FLUID  BEHAVIOR 

Electrorheological  fluids  (ER)  are  normally  composed  of 
non-conducting  particles  dispersed  in  a  carrier  fluid.  In  the 
presence  of  an  electric  field,  the  particles  become  polarized 
and  orient  themselves  as  particle  chains  (Figure  3). 

The  particle  chains  induce  a  yield  stress  in  the  fluid  which 
results  in  a  Bingham  plastic  behavior  during  shear  (Figure  4). 
The  process  is  completely  reversible  and  removing  the  field 
disperses  the  particles  back  into  the  disordered  state.  Due  to 


their  field  dependent  yield  stress,  ER  fluids  are  a  possible  re¬ 
placement  for  variable  damping  systems  using  mechanical 
valves. 

In  the  case  of  Newtonian  flow,  the  shear  stress  is  propor¬ 
tional  to  the  shear  rate. 


For  a  Bingham  plastic,  a  dynamic  yield  stress  characterizes 
the  material.  In  the  pre-yield  condition,  no  shearing  occurs 
because  the  losaUhear  stress,  x,  isiessthan  Jieflu^ 
stress,  Ty  (£).  When  the  shear  stress  exceeds  the  yield  stress, 
the  material  flows  like  a  Newtonian  fluid. 

( du}  du 

(2) 


Figure  2.  Schematics  of  a  double  adjustable  shock  absorber,  (a) 
Cross  section  of  the  pneumatic  reservoir  that  contains  the  compres¬ 
sion  adjuster,  (b)  Cross  section  of  the  main  hydraulic  cylinder  that 
contains  the  piston  head  assembly. 
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Figure  4.  The  particle  chains  induce  a  yield  stress  in  the  fluid  which 
results  in  a  Bingham  plastic  behavior  during  shear. 
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Figure  5.  Cutaway  drawing  of  the  eiectrorheoiogical  fluid  automo¬ 
tive  shock  absorber  designed  and  fabricated  at  the  University  of 
Maryland '  The  shock  absorber ,  composed  of  hydraulic  and  pneu¬ 
matic  reservoirs  separated  by  a  floating  piston,  isamonotube,  single 
rod  design. 


ER  FLUID  SHOCK  ABSORBER 


VELOCITY  PROFILE  BETWEEN  PARALLEL 
PLATE  ELECTRODES 

This  section  determines  the  velocity  profile  of  the  ER  fluid 
in  the  gap  between  two  parallel  plate  electrodes  due  to  a  pres¬ 
sure  gradient.  The  pressure  gradient  creates  a  region  of  low 
shear  stress  in  the  center  of  the  gap  and  high  shear  stress 
along  the  plate  walls.  An  applied  voltage  potential  between 
the  parallel  plate  electrodes  creates  an  electric  field  in  the  gap 
that  increases  the  yield  stress  of  the  ER  fluid.  Assuming  a 
Bingham  plastic  material,  the  increase  in  the  fluid’s  yield 
stress  creates  three  distinct  flow  regions  (figure  6)  [1].  Two 
post-yield  regions  occur  along  the  wall  of  the  electrodes, 
where  the  shear  stress  exceeds  the  yield  stress  of  the  ER  fluid. 
A  pre-yield  region  occurs  in  the  center  of  the  gap,  where  the 
shear  stress  is  less  than  the  yield  stress  of  the  ER  fluid. 

Quasi-steady  damper  analysis  and  the  boundary  condi¬ 
tions  determine  the  velocity  profile  of  the  fluid  between  the 
parallel  plates  [1].  The  non-dimensional  plug  thickness,  5, 
which  is  the  ratio  of  the  plug  thickness,  8,  to  the  gap  between 
the  plates,  dy  simplifies  the  velocity  profile  equations  for 
each  region. 


An  eiectrorheoiogical  (ER)  automotive  shock  absorber, 
was  designed  and  fabricated  at  the  University  of  Maryland, 
to  emulate  the  performance  of  a  double  adjustable  shock  ab¬ 
sorber.  Composed  of  hydraulic  and  pneumatic  reservoirs 
separated  by  a  floating  piston,  the  shock  absorber  is  a 
monotube,  single  rod  design  (Figure  5).  As  the  piston  rod 
moves  in  and  out  of  the  hydraulic  cylinder  the  floating  piston 
head  compresses,  the  pneumatic  reservoir  tp  accommodate 
the  changing  rod  volume  within  the  hydraulic  cylinder.  In¬ 
side  the  hydraulic  cylinder,  the  piston  rod  attaches  to  a  piston 
head  containing  two  tubular  electrodes.  During  piston  rod 
motion,  ER  fluid  flows  through  the  piston  head  in  a  gap  be¬ 
tween  the  tubular  electrodes. 

To  achieve  semi-active  properties,  the  hydraulic  cylinder 
is  filled  with  Bayer  Rheobay  3565  eiectrorheoiogical  fluid. 
An  electrical  voltage  potential  between  the  electrodes  cre¬ 
ates  an  electric  field  in  the  gap  perpendicular  to  the  ER  fluid 
flow  direction.  The  electric  field  increases  the  yield  stress  of 
the  ER  fluid  between  the  electrodes.  This  increase  in  yield 
stress  alters  the  velocity  profile  of  the  fluid  in  the  gap  and 
raises  the  pressure  required  for  a  given  flow  rate. 


«i0')=~0'2-(1-5)rfy) 

U2(y)=^yd-8)2d2 
8| iL 

A p  —  _ 

u3(y)  =  — C V2 -(l-§)dy+dd2) 


(3) 


The  shear  stress  profile  between  parallel  plates  relates  the 
non-dimensional  plug  thicleness  to  the  pressure  drop  [1]. 


8  = 


iLZy 

d\AP\ 


Integrating  the  velocity  profile  equations  solves  for  the 
flow  rate  per  unit  width  for  each  region  in  terms  of  the  pres¬ 
sure  gradient  and  the  non-dimensional  plug  thickness. 
Summing  the  flow  rate  per  unit  width  for  each  region  gives 
the  total  flow  rate  per  unit  width  in  the  gap  between  the  paral¬ 
lel  plates  [1] 


Region  1  (post-yield) 
•  ~  — 

. Region  2  (pre-yield) 
3  (post-yield) 


Shear  Stress  t 


Velocity  u 


Figure  6.  Application  of  an  electric  field  creates  three  regions  in  the  shear  stress  and  velocity 
profile  of  a  eiectrorheoiogical  fluid. 
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FLOW  RATE  IN  THE  GAP  BETWEEN  THE 
ELECTRODES 


The  roots  of  Equation  (9)  degenerate  three  values  of  re- 
(5)  quired  pressure.  The  correct  pressure  corresponds  to  a  valid 
non-dimensional  plug  thickness,  0  <  8  <  1,  calculated  using 
Equation  4.  Finally,  the  piston  head  area,  Ap,  relates  the  pis¬ 
ton  rod  force  to  the  pressure  drop,  F = A PApt  and  the  piston 
rod  velocity  to  the  flow  rate,  v0  =  Q/Ap. 


Uniform  Gap 


Non-Uniform  Gap 


This  section  derives  equations  that  relate  the  required 
pressure  drop  to  the  flow  rate  of  ER  fluid  through  a  uniform 
gap  between  electrodes.  The  derived  analysis  assumes  that 
the  radius  of  the  electrodes  is  much  larger  than  that  of  the  gap 
between  the  electrodes.  As  a  result,  the  velocity  profile  be¬ 
tween  parallel  plates  depicts  the  uniform  gap  velocity  profile 
[Figure  7(a)].  Equation  5  gives  the  flow  rate  per  unit  width 
between  parallel  plates  in  terms  of  the  pressure  drop  and  the 
non-dimensional  plug  thickness,  8.  Equation  (4)  replaces  the 
non-dimensional  plug  thickness  in  Equation  (5)  and  gives 
the  flow  rate  per  unit  width  in  terms  of  the  pressure  drop. 
Then  integrating  the  flow  rate  per  unit  width  around  the  cir¬ 
cumference  of  the  inner  electrode  solves  for  the  total  flow 
rate  [3]. 


f w>  V- 

fbd\\  (bl2 xf 

[  4H  J  [  3p  J 

Experimental  testing  and  Equation  (9)  demonstrate  that 
increasing  the  yield  stress  in  the  annulus  increases  the  yield 
force  of  the  device  while  incurring  little  change  in  the 
post-yield  damping.  However,  double  adjustable  shocks  can 
alter  the  post-yield  damping  independently  of  their  yield 
force.  To  emulate  the  performance  of  a  double  adjustable 
shock,  an  eccentricity  between  the  inner  and  outer  electrodes 
is  introduced  to  create  an  electric  field  dependent  post-yield 
damping.  The  eccentricity  creates  a  small  gap  region  and  a 
large  gap  region  between  the  tubular  electrodes.  With  the  ap¬ 
plication  of  an  electric  field,  the  yield  stress  restricts  flow  in 
the  small  gap  region  and  thereby  increases  the  pressure  re¬ 
quired  for  a  given  flow  rate.  At  the  same  time,  the  large  gap 
region  permits  flow  for  any  given  pressure  and  eliminates  the 
damper’s  yield  force.  The  combination  of  the  small  gap  re¬ 
gion,  to  restrict  the  flow,  and  a  large  gap  region,  that  allows 
flow  for  any  given  pressure,  creates  a  field  dependent 
post-yield  damping. 


Addition  of  Piston  Leakage 

.Similar  tqa  double  adjustable  shock  absorber,  a  smalLori- . , 
flee  allows  a  controlled  amount  of  leakage  through  the  piston 
head.  Laminar  fluid  dynamic  equations  relate  the  leakage 
damping,  Ch  to  the  geometry  of  the  orifice. 


(7) 


As  a  result,  the  leakage  flux  in  terms  of  the  pressure  drop, 
damping  coefficient  and  piston  head  area  is  given  by 


Qi 


The  continuity  equation  for  steady  incompressible  flow 
requires  that  the  flow  rate  through  the  piston  head  is  equal  to 
the  sum  of  the  flow  rate  through  the  electrodes  and  the  leak¬ 
age  orifice,  Qt  =  QC  +  Qi •  Summing  Equation  (8)  and  Equa¬ 
tion  (6)  gives  the  total  flow  rate  as  a  function  of  the  pressure 
drop  across  the  piston  head.  Then  multiplying  by  AP2  and  re¬ 
arranging  produces  a  polynomial  function  of  the  pressure 
drop  in  terms  of  the  total  flow  rate. 
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Figure  7.  Velocity  profile  of  ER  fluid  between  electrodes  due  to  a 
pressure  gradient,  (a)  Concentric  electrodes  having  a  uniform  gap. 
(b)  Eccentric  electrodes  having  a  non-uniform  gap. 
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Depending  on  the  pressure  drop,  the  addition  of  an  applied 
voltage,  which  creates  a  yield  stress,  prevents  flow  in  the 
small  gap  region,  -by  <b  <by,  of  the  eccentric  electrodes 
[Figure  7(b)].  Integrating  the  velocity  profile  around  the  re¬ 
maining  portion  of  the  gap  determines  the  flow  rate  through 
the  non-uniform  gap.  The  boundaries  of  the  pre-yield  region, 
where  x  <  xy,  set  the  limits  of  the  integration.  Setting  the 
non-dimensional  plug  thickness  [Equation  (4)]  equal  to  one 
solves  for  the  location  of  the  yield  point,  by,  and  generates  the 
limits  of  the  integration.  With  the  limits  of  the  integration 
known,  integrating  the  velocity  profile  around  the  large  gap 
region  of  the  gap  solves  for  the  flow  rate  as  a  function  of  the 
non-dimensional  plug  thickness  and  the  pressure  drop. 

do) 

EXPERIMENTAL  VALIDATION 

Force  measurements  from  sinusoidal  displacement  cy¬ 
cles,  recorded  on  a  5  HP  mechanical  dynamometer,  validate 
the  derived  equations.  The  dynamometer,  with  the  ER 
damper  mounted  in  its  clevises,  excites  the  piston  rod  while  a 
load  cell  measures  the  force  on  the  damper  and  a  LVDT  mea¬ 
sures  the  piston  rod  displacement.  Testing  of  multiple  gaps, 


Velocity  [frvn/s] 

Figure  8.  Predicted  (shown  as  solid  lines)  and  experimental  (shown 
as  circles)  results  of  force  versus  displacement  and  force  versus  ve¬ 
locity  response  of  the  uniform  gap  configuration  due  to  sinusoidal 
excitation  of  the  piston  rod. 


non-uniform  gap  configuration  due  to  sinusoidal  excitation  of  the  pis¬ 
ton  rod. 

for  concentric  and  eccentric  electrode  configurations,  vali¬ 
date  the  utility  of  the  derived  equation  to  accurately  predict 
performance  of  an  ER  shock  absorber. 

For  uniform  gaps,  at  a  constant  frequency,  the  applied 
electric  field  increases  the  area  within  the  force  vs.  displace¬ 
ment  cycle,  which  is  proportional  to  the  damping.  The  force 
vs.  velocity  cycles  demonstrate  that  an  increasing  electric 
field,  for  concentric  electrodes,  raises  the  yield  force  of  the 
device  without  greatly  affecting  the  post-yield  damping 
(Figure  8).  The  force  vs.  velocity  cycles  show  that  increasing 
the  elec  tric  field,  for  a  non-uniform  gap,  raises  the  post-yield 
damping  of  the  device  without  incurring  a  large  change  in  the 
yield  force  (Figure  9). 

CONCENTRIC  AND  ECCENTRIC  ELECTRODES 
IN  SERIES 

To  allow  for  optimal  performance,  mechanisms  on  the 
main  piston  head  and  in  the  pneumatic  reservoir  independ¬ 
ently  control  the  yield  force  and  damping  of  double  adjust¬ 
able  shocks.  To  emulate  the  performance  of  a  conventional 
double  adjustable  shock  absorber,  an  electrorheological 
(ER)  automotive  shock  absorber  was  designed  and  fabri¬ 
cated  at  the  University  of  Maryland  (Figure  10).  The  force 
vs.  velocity  cycles  demonstrate  that  an  increasing  electric 
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Single  Concentric  Cylinder 


Concentric  and  Eccentric  in  Series 

Figure  10 .  Schematics  of  electrorheological  double  adjustable 
shock  absorbers,  (a)  Cross  section  of  the  piston  head  that  contains 
only  a  uniform  gap.  (b)  Cross  section  of  the  piston  head  that  contains 
uniform  and  non-uniform  gaps  in  series. 


CONCLUSIONS 

Force  vs.  velocity  hysteresis  cycles  of  many  shocks  may 
be  separated  into  four  distinct  regions:  low-speed  compres¬ 
sion,  high-speed  compression,  low-speed  rebound  and 
high-speed  rebound.  A  unique  damping  coefficient  charac¬ 
terizes  each  region,  and  a  distinct  yield  force  divides  the  low 
and  high-speed  regions.  To  emulate  the  performance  of  a 
conventional  double  adjustable  shock  absorber,  an 
electrorheological  (ER)  automotive  shock  absorber  was  de¬ 
signed  and  fabricated  at  the  University  of  Maryland.  An  ap¬ 
plied  electric  field  in  the  gap,  between  two  concentric  elec¬ 
trodes,  increases  the  yield  stress  of  the  ER  fluid  between  the 
cylinders,  which  alters  the  velocity  profile  of  the  fluid  and 
raises  the  pressure  required  for  a  given  flow  rate.  Both  the  ex¬ 
perimental  data  and  the  derived  equations  demonstrate  that 
increasing  the  voltage  across  the  concentric  gap  controls  the 
yield  force  of  the  device.  In  addition,  the  experimental  data 
demonstrates  that  an  eccentricity  between  the  two  electrodes 
allows  for  a  post-yield  damping  controlled  by  an  electric 
field.  Finally,  the  combination  of  both  concentric  and  eccen¬ 
tric  cylinders  in  series  demonstrate  the  ability  of  an  ER 
damper  with  independently  adjustable  yield  force  and 
post-yield  damping. 
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ABSTRACT:  MR  dampers  in  soft-inplane  rotors  such  as  hingeless  and  bearingless  rotors  have  po¬ 
tential  benefits  including  semi-active  control  of  aeromechanical  instabilities,  such  as  ground  and  air 
resonance.  An  experimental  performance  characterization  of  hybrid  elastomeric/MR  dampers  for  the 
l/6th  scale  Comanche  wind  tunnel  model  rotor  is  presented.  These  dampers  are  similar  to  prior  fluid- 
elastomeric  Comanche  wind  tunnel  model  dampers,  except  that  the  passive  fluid  is  replaced  by  an 
MR  fluid.  MR  lag  dampers  were  tested  under  a  compressive  preload  with  the  magnetic  field  turned  on 
(ON  condition)  and  off  (OFF  condition).  Damping  was  characterized  for  single  frequency  sinusoidal 
excitation  at  the  lag/rev  (10  Hz)  frequency;  that  is,  the  lightly  damped  inplane  rotor  blade  bending 
mode  that  plays  a  dominant  role  in  aeromechanical  instabilities.  Dual  frequency  testing  was  also  car¬ 
ried  out  at  10  Hz  and  1 5  Hz  corresponding  to  the  model  rotor  lag/rev  and  1  /rev  or  rotor  RPM  frequen¬ 
cies  respectively.  In  all  of  these  tests,  the  force  versus  displacement  hysteresis  cycle  or  energy  dia¬ 
gram  was  measured  for  the  MR  dampers.  Two  nonlinear  models  are  compared:  (1)  a  stiffness  plus 
viscoelastic-plastic  model,  and  (2)  a  stiffness-viscosity-elasto-slide  model.  These  models  were  de¬ 
veloped  to  capture  the  nonlinear  behavior  of  these  dampers.  The  model  parameters  were  identified  by 
minimizing  the  mean  squared  error  between  the  predicted  and  measured  MR  damper  force  time  histo¬ 
ries  due  to  a  lag/rev  harmonic  excitation.  Model  validation  for  both  single  and  dual  frequency  data 
was  carried  out.  A  key  conclusion  is  that  both  models  accurately  predict  damping  performance, 
which  suggests  that  the  underlying  hysteresis  model  is  not  unique  when  only  damping  is  the  perfor¬ 
mance  metric. 


INTRODUCTION 

Aeromechanical  stability  of  helicopters  is  a  nonlinear 
phenomenon  involving  complex  interactions  of  aerody¬ 
namic,  inertial  and  elastic  forces.  Advanced  rotor  designs  are 
tending  towards  hingeless  and  bearingless  rotor  systems  that 
have  lower  parts  count,  maintenance  costs  and  superior  han¬ 
dling  qualities.  Due  to  stress  and  weight  considerations, 
these  rotor  systems  are  designed  to  be  soft-inplane,  that  is, 
the  first  inplane  natural  frequency  of  the  blade  is  less  than  the 
rotor  RPM.  Since  the  inplane  bending  mode  or  lag  mode 
tends  to  be  very  lightly  damped,  these  rotors  are  susceptible 
to  ground  and  air  resonance  instabilities  that  are  serious  con¬ 
cerns  in  helicopter  rotor  systems  (Chopra,  1990).  Existing 
hingeless  or  bearingless  helicopter  rotor  hub  designs  use 
elastomeric  or  hybrid  fluid-elastomeric  lag  dampers  (Panda 
et  al.,  1996).  The  inplane  motion  in  helicopter  systems  oc¬ 
curs  at  two  frequencies:  (1)  lead-lag  frequency  or  inplane  ro¬ 
tor  blade  bending  or  lag/rev  frequency  and  (2)  rotor  RPM  or 
1/rev.  Under  these  conditions,  the  lag/rev  damping  in  elasto¬ 
mers  has  been  shown  to  degrade  substantially  at  low  ampli¬ 
tudes  (Felker  et  al.,  1987)  due  to  the  1/rev  excitation.  More- 
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over,  mechanical  properties  of  lag  dampers  can  vary  as  much 
as  5%  due  to  manufacturing  variations.  Matched  sets  of 
dampers  are  used  to  minimize  the  impact  of  varying  damper 
mechanical  properties  on  rotor  tracking  conditions.  More¬ 
over,  damping  augmentation  is  only  required  in  certain  flight 
regimes.  Therefore,  an  MR  damper  that  could  adapt  its  prop¬ 
erties  to  a  fixed  mechanical  property  specification  would  be 
of  tremendous  benefit.  MR  fluids  are  examined  in  this  study 
because  MR  fluids  require  smaller  excitation  voltages  and 
have  greater  dynamic  yield  stresses  than  ER  fluids  (Carlson 
et  al.,  1995).  MR  damper  behavior  is  highly  nonlinear.  Lin¬ 
ear  models  do  not  accurately  capture  the  single  and  dual-fre¬ 
quency  hysteresis  behavior,  but  this  accuracy  is  essential  for 
aeroelastic  stability  analysis.  The  modeling  of  force  vs.  ve¬ 
locity  hysteresis  characteristics  of  MR  dampers  can  be  im¬ 
proved  using  nonlinear  hysteretic  models  (Kamath  and 
Wereley,  1997;  Spencer  et  al.,  1997;  Wereley  et  al.,  1998; 
Kamath  et  al.,  1999). 

This  paper  presents  a  comparison  of  two  nonlinear  mecha- 
nisms-based  models  that  can  be  used  to  characterize  semi- 
active  MR  fluid  dampers  for  the  l/6th  Froude-scaled  Coman¬ 
che  wind  tunnel  model  rotor,  the  hub  of  which  is  shown  in 
Figure  1 .  These  dampers  were  fabricated  and  provided  by  the 
Lord  Corporation.  Dynamic  single  frequency  tests  were  con¬ 
ducted  for  damper  pairs  under  a  compressive  preload  at  10 
Hz  which  corresponds  to  lag/rev  frequency  of  the  model  ro¬ 
tor.  Dual  frequency  tests  at  10  Hz  and  15  Hz  (corresponding 
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Figure  1.  Wind  tunnel  model  of  the  Comanche  helicopter  rotor  hub 
from  Panda  et  al.  (1996), 


to  the  rotor  RPM)  were  also  conducted  and  these  conditions 
mirrored  the  excitation  of  lag  dampers  in-flight.  Test  results 
for  the  single  and  dual  frequency  preloaded  cases  with  the 
magnetic  field  ON  are  presented  in  this  paper.  A  comprehen¬ 
sive  characterization  of  the  damper  behavior  including  fac¬ 
tors  such  as  various  loading  conditions,  amplitudes,  frequen¬ 
cies  and  magnetic  fields  and  comparison  with  similar 
fluidlastic  dampers  is  provided  in  Kamath  et  al.  (1999).  Two 
hysteresis  models  are  compared  in  this  paper:  (1)  a  stiffness 
plus  nonlinear  viscoelastic-plastic  (NVEP)  model  (Kamath 
et  al.,  1999),  and  (2)  a  stiffhess-viscosity-elasto-slide 
(S  VES)  model.  The  NVEP  model  uses  a  nonlinear  combina¬ 
tion  of  linear  mechanisms  to  capture  the  hysteresis  behavior 
of  the  dampers.  The  SVES  model  uses  a  linear  combination 
of  nonlinear  mechanisms  and  is  based  on  ideas  in  elastomeric 
damper  literature  (Panda  et  al.,  1 996  and  1 997).  In  this  paper, 
single  frequency  test  data  at  the  lag/rev  frequency  are  used  to 
identify  model  parameters  based  on  minimizing  the  mean 
squared  error  between  the  predicted  amd  measured  damper 
force  due  to  sinusoidal  displacements.  The  performances  of 
these  two  models  are  assessed  via  comparisons  of  :  ( 1 )  the  lin¬ 
ear  characterization  results  at  10  Hz  or  lag/rev  frequency,  (2) 
the  experimental  and  predicted  force  vs.  displacement  hys¬ 
teresis  cycle  behavior  in  both  the  single  and  dual  frequency 
conditions.  Both  models  are  nonlinear  models  and  capture 
the  damper  hysteresis  behavior  reasonably  accurately. 


DAMPER  TESTING 

The  setup  shown  in  Figure  2  was  used  to  measure  force  vs. 
displacement  hysteresis.  A 1 10  lb  Ling  dynamics  shaker  was 
used  to  excite  the  damper  pairs.  Lag  dampers  are  usually 
mounted  in  a  rotor  system  in  pairs  with  a  compressive 
preload  acting  on  them  (Panda  and  Mychalowycz,  1997). 
The  test  setup  had  a  provision  for  applying  preload  by  using 
preload  plates  that  held  the  two  damper  support  blocks  by 
means  of  dowel  pins  at  a  precise  distance,  L-  AL,  A  value  of 
AL  =  0.04  inches  was  used  for  the  preload  condition.  A  load 
cell  between  the  shaker  and  the  connecting  piece  measured 
the  force  input  and  displacements  were  measured  using  a 
non-contacting  laser  sensor  placedabove  the  damper  assem- 


(») 

Figure  2.  Experimental  setup  for  damper  testing. 


bly.  Single  frequency  sinusoidal  excitation  was  applied  at 
10  Hz  at  amplitudes  ranging  from  0.127  mm  (0.005  in)  to 
1.27  mm  (0.05  in).  Dual  frequency  excitation  was  applied  at 
10  Hz  and  15  Hz  over  a  suitably  selected  matrix  of  ampli¬ 
tudes.  The  10  Hz  and  15  Hz  frequencies  correspond  to  the 
lag/rev  frequency  and  1/rev  rotor  frequency,  respectively,  of 
the  model-scale  rotor.  A  HP  8904A  multifunction  synthe¬ 
sizer  was  used  to  generate  and  sum  the  signals  with  the  two 
discrete  frequencies. 

SINGLE  FREQUENCY  CHARACTERIZATION 

The  force  vs.  displacement  hysteresis  data  were  collected 
for  the  MR  ON  and  MR  OFF  preloaded  cases  at  10  Hz,  the 
data  for  which  is  shown  in  Figure  3.  Linearization  of  damper 
characteristics  was  carried  out  using  a  complex  stiffness 
given  by 


Figure  3.  Measured  force  vs.  displacement  hysteresis  cycles  are 
compared  to  those  predicted  by  the  nonlinear  viscoelastic-plastic 
model  for  the  MR  helicopter  lag  dampers. 
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Figure  4.  Linear  characterization  using  complex  stiffness  forthe  MR 
lag  dampers. 


G*  =  G'  +  jG"  (1) 

The  linearized  stiffness,  G',  and  damping,  G",  were  obtained 
by  transforming  the  measured  displacement,  x(t),  and  force, 
F(t),  into  the  frequency  domain  using  a  Fourier  series  expan¬ 
sion. 


x(t)  =  xc  cos  Clfogt  +  xs  sin 
F(t )  =  Fc  cos  Q.iagt  +  Fs  sin  Q^t 
and  then  using  first  harmonics  as  follows: 

Fcxc  FgXs 


G'  = 


t}  +  x} 


c"  —  Fsxc 

~  X2s+*2c 


(2) 

(3) 

(4) 

(5) 


Here,  Fc  and  Fs  are  the  first  Fourier  force  cosine  and  sine  co¬ 
efficients,  respectively,  and  xc  and  xs  are  the  corresponding 
displacement  Fourier  cosine  and  sine  coefficients  (Kamath, 
Wereley  and  Jolly,  1999).  Linearized  stiffness,  G',  and 
damping,  G",  are  plotted  versus  amplitude  of  harmonic  exci¬ 
tation  in  Figure  4  and  clearly  illustrate  the  MR  effect.  In  the 
MR  OFF,  preloaded  condition,  the  MR  dampers  show  an  al¬ 
most  linear  behavior  with  a  marginal  damping  and  a  predom¬ 
inant  stiffness  component.  From  this  data,  it  can  be  seen  that 
application  of  a  magnetic  field  results  in  an  increase  in  both 
the  stiffness  and  the  damping  levels. 


SINGLE  FREQUENCY  HYSTERESIS  MODELING 

We  will  consider  two  models:  (1)  the  viscoelastic  plastic 
model,  and  (2)  the  stiffness-viscosity-elasto-slide  model. 


Viscoelastic-Plastic  Model 

The  MR  dampers  in  the  ON  condition  are  nonlinear  with 
amplitude.  In  our  prior  work  we  have  shown  that  the  nonlin¬ 
ear  viscoelastic-plastic  (NVEP)  model  is  an  accurate  and 
physically  motivated  approach  to  electrorheological  (ER) 
fluid  modeling  (Kamath  and  Wereley,  1997a),  as  well  as 
damper  modeling  (Kamath  and  Wereley,  1997b,  1997c).  Be¬ 
cause  the  phenomenology  of  MR  fluid  behavior  is  similar  to 
that  of  ER  fluid  behavior  (Weiss,  Carlson  and  Nixon,  1994), 
the  viscoelastic-plastic  model  is  used  in  this  study  to  describe 
the  MR  On  damper  hysteresis.  The  viscoelastic-plastic 
model  has  also  been  used  to  model  linear  stroke  MR  dampers 
(Pang,  Kamath  and  Wereley,  1998). 

We  first  extract  the  MR  effect  caused  by  the  application  of 
the  magnetic  field  from  the  experimental  built-up  damper 
force  data.  To  do  this,  the  stiffness  and  damping  forces  for 
the  MR  Off  condition  were  subtracted  from  the  MR  On 
force  time  histories.  Thus, 

^mr_effect  =  ^mr_on  “  $ mr_off  (6) 

Here 

Fmr  off  =  G'x(t)  +  —X(t)  (7) 

CD 

where  G '  and  G"  are  the  preloaded  MR  Off  values  plotted  in 
Figure  4. 

A  schematic  of  the  NVEP  model  is  shown  in  Figure  5.  The 
model  is  a  network  comprising two  branches:  the  preyield 
and  the  postyield  branches.  Each  branch  consists  of  a  shape 
function  and  a  linear  mechanism.  The  linear  mechanisms 
model  the  phenomenology  of  their  respective  rheological 
domains.  The  preyield  behavior  is  modeled  using  a  linear 
Kelvin  chain  to  represent  the  viscoelastic  stiffness  (Kve)  and 
damping  (Cve)  components.  The  postyield  behavior  is  mod¬ 
eled  as  a  viscous  dashpot  element  (CVI).  The  two  shape  func¬ 
tions,  Sve  and  Svh  act  as  switches  to  turn  on  and  turn  off  the 
two  mechanisms  depending  on  whether  the  fluid  is  in  the 
preyield  or  postyield  region.  This  transition  yield  point  is  lo¬ 
cated  at  the  yield  velocity,  Vy.  Vy  is  only  a  model  parameter, 
and  does  not  physically  reflect  the  velocity  at  which  the  fluid 
yields  in  the  damper.  Thus,  the  predicted  MR  effect  is 


Figure  5.  Schematic  of  the  nonlinear  viscoelastic  plastic  mode / 
(NVEP). 
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Fmr_effect  ~  ^ve^ve  +  ^vi^vi 


(8) 


where 


Fvi  =  Cvix  (12) 


The  parameter  e  determines  the  rate  at  which  the  transition 
through  yield  occurs.  For  example,  e  =  0  would  result  in  a 
step  jump  at  Vyy  and  as  it  is  increased,  the  transition  occurs  in 
a  more  gradual  manner.  Thus,  the  5  unknown  parameters  in 
the  model  are  Kve,  CveJ  Cyh  Vy  and  e.  The  parameters  are  esti¬ 
mated  by  minimizing  the  error  between  the  experimental 
hysteresis  data,  which  in  this  case  is  the  MR  effect  experi¬ 
mental  data,  Fmr  effect  given  by  Equation  (6)  and  the  model 
prediction,  _ejfect  given  by  Equation  (8).  The  identified 
parameters  for  the  preloaded  case  are  detailed  in  Kamath, 
Wereley  and  Jolly  (1999).  The  model  validations  are  pre¬ 
sented  for  the  total  predicted  force,  that  is, 

Fmr_on  ~  ffcct  Fmr_off  (f  3) 

Stiffness-Yiscosity-EIasto-SlideModel 

The  nonlinear  stiffness-viscosity-elasto-slide  model 
(SVES)  consists  of  a  linear  combination  of  nonlinear  mecha¬ 
nisms.  Figure  6  shows  a  schematic  of  the  SVES  model  used 
to  describe  the  hysteretic  behavior  of  the  MR  dampers.  The 
model  has  the  following  three  amplitude-dependent  mecha¬ 
nisms  in  parallel:  (1)  a  linear  stiffness,  (2)  a  linear  viscous 
dashpot,  and  (3)  a  nonlinear  elasto-slide  element  (consisting 
of  a  stiffness  and  Coulomb  element  in  series).  Figure  7  shows 
the  effect  of  each  of  these  mechanisms  on  the  hysteresis  cy¬ 
cles  of  the  dampers.  The  linear  stiffness  and  linear  dashpot 
parameters  give  the  necessary  slope  and  linear  damping  to 
the  hysteresis  curve.  The  elasto-slide  element  represents  a 
stiffness  in  the  region  where  the  velocity  of  the  damper 
changes  its  sign  and  the  displacement  from  the  extreme  posi¬ 
tion  is  less  than  a  certain  value  2XS.  In  the  remaining  portion 
of  the  hysteresis  cycle,  the  elasto-slide  element  is  equivalent 
to  a  Coulomb  element.  Two  parameters  are  required  to  com¬ 
pletely  characterize  the  elasto-slide  element.  The  linear  stiff¬ 
ness  and  linear  viscous  damping  elements  require  1  parame¬ 
ter  each  for  complete  characterization.  Thus,  the  SVES 
model  is  a  4-parameter  model.  Having  established  the  model 
structure  and  model  components,  the  parameters  in  the 
model  need  to  be  identified.  The  predicted  force  from  the 
model  is  given  by: 


Figure  6.  Schematic  of  the  stiffness-viscosity-elasto-siide  (SVES) 
model. 


(C)  Elasto-slide  Element  (Lazan,  1968) 

Figure  7.  Mechanisms  in  the  stiffness-viscosity-elasto-slide  (SVES) 
model  and  their  effect  on  hysteresis  cycle  shape. 
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F(t)  =  Fs(t)  +  Fd(t)  +  Fes(t)  (14) 


N  =  KiXs 


(18) 


where  Fs,  Fd  and  Fes  are  the  forces  in  the  stiffness,  viscous 
dashpot  and  elasto-slide  element  at  any  time  t .  The  stiffness 
and  damping  forces  are  linear  spring  and  linear  viscous  as 
follows: 


Fs  =  Kxx 

(15) 

3 

ii 

(16) 

The  elasto-slide  element  has  four  branches  as 

II 

K 

1 

II 

o 

. 

—N  +  K2(x  +  x)  x  <  —x  +  2XS 

x  >  0 

II 

N  x  >  —x  +  2X. 

N  x  =  x 

x  >  0 
i  =  0 

(17) 

N  +  K2(x-x)  x>x-2Xs 

jc  <  0 

-N  x<x-2Xs 

x  <0 

where  the  slide  force  is  given  by 


Here,  x  is  the  amplitude  over  the  cycle.  The  unknown  pa¬ 
rameters  are  estimated  on  the  basis  of  minimizing  the  error 
between  the  predicted  force,  F,  and  the  measured  force,  F, 
obtained  from  experiments.  The  parameters  of  the  model  are 
obtained  from  a  constrained  minimization  of  the  objective 
function,  7,  given  by 

J  =  fJ[F(‘k)-F(tk)}2  (19) 

where  N is  the  number  of  data  points  for  each  hysteresis  cy¬ 
cle.  A  constrained  minimization  was  performed  using 
MATLAB  optimization  tools  to  minimize  the  above  objec¬ 
tive  function  in  Equation  (19).  Using  this  system  identifica¬ 
tion  technique,  and  to  obtain  physically  meaningful  results, 
the  identified  parameters  are  constrained  to  have  positive 
values:  Kx  >0,  K2>  0,  C>0andAr>0.  The  identified  parame¬ 
ters  are  plotted  versus  excitation  amplitude  in  Figure  8.  A 


Figure  8.  Identified  SVES  model  parameters  for  10  Hz,  MR  On,  preloaded  case. 
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similar  procedure  was  used  to  identify  the  viscoelastic-plas¬ 
tic  model  parameters  as  detailed  in  Kamath,  Wereley  and 
Jolly  (1999). 

SINGLE  FREQUENCY  VALIDATION 

The  force  vs.  displacement  correlations  for  the  NVEP 
model  for  the  preloaded,  MR  ON  case  are  shown  in  Figure  4, 
and  those  for  the  S  VES  model  are  shown  in  Figure  9.  It  can  be 
seen  that  both  models  capture  the  nonlinear  behavior  of  the 
MR  On  damper  quite  accurately.  Figure  1 0  shows  a  compari¬ 
son  of  the  prediction  errors  at  various  amplitudes  for  both 
models.  The  error  measure  used  for  purposes  of  comparing 
the  two  models  is  given  by 

E  =  (20) 

where  F  and  F  are_the  predicted  force  and  the  measured 
force,  respectively.  F  is  the  maximum  value  of  the  force  in 
the  data  set  at  a  given  excitation  amplitude.  From  Figure  10, 
the  SVES  model  has  lower  errors  compared  to  the  NVEP 
model  in  the  single  frequency  case.  Note  that  the  force  versus 
displacement  hysteresis  cycle  shape  is  that  of  a  parallelo¬ 
gram,  as  shown  in  Figure  9,  indicating  a  piecewise  smooth 
force  time  history  for  sinusoidal  damper  motion.  The  mea¬ 
sured  force  versus  displacement  hysteresis  cycle  shape  is 
smooth  as  shown  in  Figure  4.  Therefore,  qualitatively,  the 
NVEP  model  is  able  to  better  capture  the  nuances  of  the  force 
time  history  and  the  associated  force  versus  displacement 
hysteresis  cycle  shape. 

Dual  Frequency  Hysteresis  Modeling 

For  the  MR  On  preloaded  dampers,  the  nonlinear 
viscoelastic-plastic  (NVEP)  model  and  the  nonlinear  stiff- 


Figure  9 .  Single  frequency  validation  of  SVES  hysteresis  model  for 
the  MR  On,  preloaded  case. 


Figure  10 l  Single  frequency  validation  error  for  the  two  hysteresis 
models  for  the  MR  On,  preloaded  case. 


ness-viscosity-elasto-slide  (SVES)  model  were  used  to  pre¬ 
dict  the  dual  frequency  behavior.  A  detailed  description  of 
the  dual-frequency  modeling  approach  for  the  NVEP  model 
can  be  seen  in  our  prior  work  (Kamath,  Wereley  and  Jolly, 
1999).  For  dual  frequency  modeling,  using  the  SVES  model, 
the  maximum  values  of  the  displacement  were  determined 
from  the  experimental  force-displacement  hysteresis  cycles. 
Since  the  two  frequencies  are  close  to  each  other,  it  was  hy¬ 
pothesised  that  the  parameters  identified  from  single  fre¬ 
quency  tests  at  10  Hz  would  yield  sufficiently  accurate  vali¬ 
dations  for  the  dual  frequency  test  results.  The  model 
constants  KuK2,  C  and  N  were  fitted  as  functions  of  ampli¬ 
tude  at  the  lag  frequency,  Cllag  =  10  Hz  by  using  appropriate 
polynomials .  The  values  for  a  given  data  set  were  then  deter¬ 
mined  by  computing  the  values  of  these  fitted  functions  at  the 
effective  amplitude  of  the  dual  frequency  signal.  These  pa¬ 
rameter  values  were  then  used  to  validate  the  model. 

The  dual  frequency  correlation  results  for  three  dual  fre¬ 
quency  excitation  conditions  are  shown  in  Figures  11,  12and 
13.  In  Figure  11,  the  lag  amplitude,  X,0Hz  =  0.254  mm  is 
twice  the  1/rev  amplitude  of  X15Hr  =  0.127  mm.  This  results 
in  two  loops.  The  viscoelastic-plastic  model  does  an  excel¬ 
lent  job  of  capturing  the  dual  frequency  hysteresis  behavior 
of  the  MR  damper.  Because  of  the  nature  of  the  SVES  model, 
the  model  does  not  capture  the  higher  order  derivatives  of  the 
force  as  well  as  the  NVEP  model.  The  correlation  results  for 
both  models  show  that  the  parameters  obtained  from  appro¬ 
priate  curve-fits  for  the  single  frequency  parameters  perform 
fairly  well  in  predicting  dual  frequency  results.  Similar  re¬ 
sults  were  obtained  for  the  case  where  the  lag  amplitude, 
Xjohz  =  0.254  mm  equaled  the  1/rev  amplitude  of  X15Hz  = 
0.254  mm  as  shown  in  Figure  12.  In  the  case  where  the  lag 
amplitude,  X10Hz = 0.254  mm,  is  less  than  the  1/rev  amplitude 
of  X15Hz  =  0.508  mm,  good  correlations  were  obtained  by 
both  models,  as  shown  in  Figure  13.  Many  more  cases  were 
analyzed,  and  similar  correlations  were  obtained  for  all  the 
dual  frequency  data  sets,  but  only  these  representative  results 
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models  forthe  preloaded  MR  On  case  fora  lOHzamplitude  of  0.254 
mm  and  a  15  Hz  amplitude  of  0. 127  mm. 


models  forthe  preloaded  MR  On  case  fora  lOHzamplitude  of  0.254 
mm  and  a  15  Hz  amplitude  of  0.254  mm. 
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have  been  presented  for  the  sake  of  brevity.  Generally,  the 
nonlinear  viscoelastic-plastic  model  performed  better  when 
representing  die  shape  of  the  dual  frequency  hysteresis  cy¬ 
cles. 


A  comparison  of  the  prediction  errors  of  the  two  models  is 
shown  in  Figure  14.  In  both  models,  polynomial  functions 
were  fitted  to  the  model’s  parameter  values  as  a  function  of 
amplitude.  It  is  seen  that  although  the  S  VES  model  had  uni¬ 
formly  lower  prediction  errors  in  the  single  frequency  case, 
the  errors  of  the  two  models  are  comparable  in  the  dual  fre¬ 
quency  case.  It  therefore  appears  that  the  approach  that  we 
have  used  for  dual  frequency  hysteresis  modeling  will  yield 
comparable  errors  for  any  number  of  models  that  have  a  suf¬ 


ficient  degree  of  nonlinearity  to  capture  the  single  frequency 
behavior  adequately. 


A  final  interesting  comparison  is  obtained  by  comparing 
the  complex  modulus  at  the  lag  frequency,  Qtag,  of  the  exper¬ 
imental  data  to  the  model  predictions.  Figure  15  shows  the  G' 
and  G"  values  at  the  lag/rev,  when  the  amplitude  of  the  1/rev 
or  15  Hz  signal  is  fixed  and  the  lag/rev  or  10  Hz  signal  is 
swept  from  0.127  mm  to  1.27  mm.  We  showed  that  the 


linearized  G'  and  G"  values  at  lag/rev  in  the  dual  frequency 
case  are  lower  than  those  in  the  single  frequency  case 
(Kamath,  Wereley  and  Jolly,  1999).  Therefore,  in  addition  to 


accurate  hysteresis  cycle  predictions,  there  are  two  other  re¬ 


quirements,  posed  by  the  linear  characterization  studies 


when  assessing  the  dual  frequency  hysteresis  model:  (1)  the 
model  must  correctly  capture  the  trends  which  indicate  a  loss 


in  damping  and  stiffness  compared  to  single  frequency  cases, 
and  (2)  the  model  must  correctly  capture  the  actual  dual  fre¬ 
quency  stiffness  and  damping  values.  Both  models  do  rea¬ 
sonably  well  on  both  counts  as  seen  in  Figure  15.  Interest¬ 
ingly,  the  S  VES  stiffness  and  damping  predictions  are  closer 
to  the  experimental  values  and  seem  to  capture  the  trends 
better  for  both  the  stiffness  and  the  damping  values,  even 
though  the  shape  of  the  dual  frequency  hysteresis  cycle  is 
better  captured  by  the  nonlinear  viscoelastic  plastic  model. 
The  dual  frequency  prediction  errors  of  both  models  are 
within  15%  for  most  of  the  cases. 

CONCLUSIONS 

This  study  examined  die  hysteresis  behavior  of  hybrid 
elastomeric  and  MR  fluid  -dampers.  A  linear  character¬ 
ization  of  the  damper  response  to  sinusoidal  displace¬ 
ments  was  conducted.  The  complex  stiffness  and  equivalent 
viscous  damping  of  the  MR  damper  are  strongly  depen¬ 
dent  on  amplitude  of  excitation.  In  addition,  the  stiffness 
and  damping  increase  when  the  magnetic  field  is  turned 
On.  The  force  versus  displacement  hysteresis  cycles  of 
the  dampers  were  also  analyzed  using  two  nonlinear  mod¬ 
els.  The  nonlinear  viscoelastic  plastic  model  is  a  nonlin¬ 
ear  combination  of  linear  elements  while  the  stiffness- 
viscosity-elasto-slide  model  is  a  linear  combination  of 
nonlinear  elements.  The  following  conclusions  were  ob¬ 
tained: 
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1.  In  both  the  SVES  and  NVEP  models,  the  model  parame¬ 
ters  are  highly  dependent  on  the  amplitude  of  excitation. 
Both  the  SVES  and  NVEP  models  adequately  capture  the 
energy  diagram  of  the  MR  damper  as  a  function  of  ampli¬ 
tude  for  single  and  dual  frequency  excitation.  Both  mod¬ 
els  also  capture  the  linear  characterization  behavior  of  the 
damper  accurately. 

2.  Both  models  accurately  predict  damping  performance  for 
both  single  and  dual  frequency  conditions,  which  sug¬ 
gests  that  the  underlying  hysteresis  model  is  not  unique 
when  only  damping  is  the  performance  metric. 

3.  The  LMS  errors  of  the  two  models,  between  the  predicted 
and  measured  force  time  histories,  were  minimized  to 
identify  the  model  parameters.  These  errors  were  of  com¬ 
parable  magnitudes  for  dual  frequency  conditions,  al¬ 
though  the  SVES  model  performed  slightly  better  in  the 
single  frequency  condition.  Thus,  multiple  models  with 
sufficient  degree  of  nonlinearity  can  adequately  capture 
the  single  and  dual  frequency  hysteresis  behavior  of  these 
nonlinear  MR  dampers.  Alternatively,  the  LMS  error 
minimization  between  the  predicted  and  measured  force 
time  histories  does  not  yield  a  unique  model. 

4.  The  SVES  stiffness  and  damping  predictions  are  closer  to 
the  experimental  values  and  seem  to  capture  the  trends 
better  for  both  the  stiffness  and  the  damping  values,  even 
though  the  shape  of  the  dual  frequency  hysteresis  cycle  is 
better  captured  by  the  nonlinear  viscoelastic  plastic 
model. 

NOTATION 

MR  magnetorheological 
NVEP  nonlinear  viscoelastic  plastic  model 
OFF  MR  damper  in  zero  field  condition 
ON  MR  damper  in  full  field  condition 
SVES  stiffness  viscosity  elasto-slide  model 
x(t)  measured  displacement  of  sinusoidal  excitation 
x(f)  amplitude  of  sinusoidal  excitation 
F\t)  measured  force 

F{t)  force  amplitude  measured  over  one  cycle 
F{t)  predicted  force 
Fes  elasto-slide  force  for  SVES  model 
Fd  damping  force  for  SVES  model 
Fs  stiffness  force  for  SVES  model 
Fvi  postyield  viscous  force  for  NVEP  model 
Fve  preyield  viscoelastic  force  for  NVEP  model 
G*  complex  stiffness 
G'  in-phase  component  of  complex  stiffness 
G"  quadrature  component  of  complex  stiffness 
Sve  preyield  weighting  function 
Svi  postyield  weighting  function 
Qiag  lag  frequency  (here,  10  Hz) 

£2  rotational  frequency  (here,  15  Hz) 

(A)  predicted  quantity 
(*)  time  derivative  of  quantity 
0")  amplitude  of  quantity  over  a  cycle 
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The  hysteresis  behavior  of  a  linear  stroke  magnetorheological  damper  is  characterized  for  several  magnetic 
fields  and  sinusoidal  excitations  over  a  nominal  operational  frequency  range  of  1.0-3.0  Hz.  The  behavior  of  the 
damper  is  inadequately  modeled  using  the  equivalent  viscous  damping  and  the  complex  modulus.  Therefore,  four 
different  nonlinear  modeling  perspectives  are  discussed  for  purposes  of  system  identification  procedures,  including 
the  1)  nonlinear  Bingham  plastic  model,  2)  nonlinear  biviscous  model,  3)  nonlinear  hysteretic  biviscous  model,  and 
4)  nonlinear  viscoelastic  plastic  model.  The  first  three  nonlinear  models  are  piecewise  continuous  in  velocity  The 
fourth  model  is  piecewise  smooth  in  velocity.  The  parameters  for  each  model  are  identified  from  an  identification 
set  of  experimental  data;  these  parameters  are  then  used  to  reconstruct  the  force  vs  displacement  and  the  force 
vs  velocity  hysteresis  cycles  for  the  respective  model.  Model  performance  is  evaluated  by  calculating  equivalent 
viscous  damping  and  force  time  history  errors  between  the  model  fit  and  the  experimental  data.  In  addition  to  the 
identification  study,  a  validation  study  was  done.  Model  parameters  were  calculated  for  offset  values  of  current  and 
frequency.  These  intermediate  parameters  were  used  to  calculate  hysteresis  cycles,  which  were  compared  with  a 
second  set  of  experimental  data,  a  validation  data  set.  Identification  and  validation  study  results  including  damping 
levels  and  force  time  history  errors. 


Nomenclature 

a(t )  -  acceleration  input  to  damper  shaft 

Ccq  =  equivalent  (linearized)  viscous  damping 
Cpo  =  postyield  Viscous  damping  [nonlinear 
hysteretic  biviscous  (NHBV)] 

Cpr  =  preyield  viscous  damping  (NHBV) 

Cve  =  preyield  viscoelastic  damping  [nonlinear 
viscoelastic  plastic  (NVEP)] 

Cvi  «■  postyield  viscous  damping  (NVEP) 

E  =  energy  dissipated  by  damper 

Fc  =  yield  force  constant  (NVEP) 

Fy  =  yield  force  (NHBV) 

/ (r)  =  force  measurement 

/  =  applied  current 

Kve  =  preyield  viscoelastic  stiffness  (NVEP) 

K*  =  damper  complex  stiffness 

Kf  =  damper  in-phase  or  storage  stiffness 

K"  =  damper  quadrature  or  loss  stiffness 

Sc  =  yield  force  shape  function 

Sve  =  preyield  viscoelastic  shape  function 

SVi  =  postyield  viscous  shape  function 

u(r)  =  velocity  input  to  damper  shaft 

vy  =  yield  velocity 

vo  =  zero  force  velocity  intercept 

vj  =  compressive  yield  velocity 

v2  •=  tensile  yield  velocity 

Xq  =  sinusoidal  displacement  amplitude 

x(t)  =  displacement  input  to  damper  shaft 

€c  =  yield  force  shape  function  parameter  (NVEP) 
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€y  =  yield  shape  function  parameter  (NVEP) 

Q  =  frequency  of  sinusoidal  damper  excitation 

I.  Introduction 

LECTRORHEOLOGICAL  (ER)  and  magnetorheological 
(MR)  fluids  belong  to  the  class  of  smart  materials  that  have  the 
unique  ability  to  change  properties  when  electric  or  magnetic  field 
is  applied.  When  field  is  applied  to  an  ER  or  MR  fluid,  this  change  is 
primarily  manifested  as  a  substantial  increase  in  the  dynamic  yield 
stress  of  the  fluid,  while  the  viscosity  remains  relatively  constant.1 
When  compared  to  ER  fluids,  MR  fluids  have  superior  proper¬ 
ties,  including  an  order  of  magnitude  higher  yield  stress,  typically 
50-100  kPa,  and  a  much  wider  operational  temperature  range,  typi¬ 
cally  —40  to  150°C.  High  payoff  can  result  by  applying  these  mate¬ 
rials  in  dampers  for  aerospace  systems  such  as  the  lag  mode  damper 
for  stability  augmentation  of  helicopter  rotor  systems,2  dampers  for 
landing  gear  to  enhance  crashworthiness,3*4  and  shock  and  vibration 
isolation  mounts  for  avionics  packages. 

A  critical  element  in  the  design  of  such  systems  is  the  evaluation 
of  system  dynamics  via  simulation,  for  which  the  nonlinear  behavior 
of  the  semiactive  ER/MR  damper  must  be  properly  represented.  The 
damper  model  also  plays  an  important  role  in  the  choice  of  the  con¬ 
trol  strategy  for  a  given  application.  Some  of  the  existing  semiactive 
control  strategies  assume  a  linear  damper  model  (a  purely  viscous 
element  or  a  Kelvin  chain)  with  field-dependent  coefficients.5,6 

There  are  several  potential  pitfalls  in  assuming  a  linear  damper 
model  for  the  MR  damper.  The  major  problem  with  the  linear  model 
is  the  inability  to  capture  the  nonlinear  dynamic  behavior,  or  nonel¬ 
liptical  force  vs  displacement  hysteresis  cycle,  exhibited  during  si¬ 
nusoidal  excitations.  Linear  models  can  predict  equivalent  viscous 
energy  dissipation  but  are  unable  to  predict  force  response.  Although 
the  damping  is  modeled  well,  these  linear  models  represent  the  force 
response  of  the  MR  damper  as  a  dashpot  with  a  constant  value  for 
damping.  However,  the  MR  damper  operates  in  two  distinct  re¬ 
gions,  low  speed  and  high  speed,  each  with  its  own  distinct  value  of 
damping. 

Other  problems  with  using  a  linear  model  to  describe  nonlin¬ 
ear  dampers  are  discussed  by  Kunz,7  as  applied  to  helicopter  lag 
dampers.  The  behavior  of  a  jag  damper  is  dependent  upon  ampli¬ 
tude  and  frequency  of  motion.  These  factors  cause  nonlinearities  in 
the  damper  behavior,  which  linear  models  such  as  the  equivalent 
viscous  damping  and  the  complex  modulus  cannot  capture.  An¬ 
other  drawback  to  the  equivalent  viscous  damping  and  the  complex 
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modulus  is  that  they  are  frequency  dependent;  therefore,  these  linear 
models  can  only  be  used  to  predict  the  steady-state  response  of  a 
linear  damper.8  Presented  in  this  paper  is  a  comparative  analysis  of 
models  that  can  be  used  to  describe  ER/MR  damper  behavior  in  this 
context  for  steady  state  sinusoidal  excitation. 

We  present  four  mechanisms-based  modeling  perspectives  with 
which  to  analyze  the  nonlinear  damper  behavior:  1)  the  Bingham 
plastic  model,9*10  2)  the  nonlinear  biviscous  model,11*12  3)  the  non¬ 
linear  hysteretic  biviscous  model,13  and  4)  the  nonlinear  viscoelas¬ 
tic  plastic  model.8*14*15  In  these  models  force  vs  velocity  damper 
behavior  is  extrapolated  from  analogous  shear  stress  vs  shear  rate 
constitutive  behavior  of  ER/MR  fluids.  The  first  three  models  are 
piecewise  continuous  in  velocity.  These  models  increase  in  com¬ 
plexity  by  adding  progressively  more  parameters.  The  fourth  model, 
the  nonlinear  viscoelastic  plastic  model,  is  piecewise  smooth  in  ve¬ 
locity.  The  nonlinear  hysteretic  biviscous  model  can  be  used  to  mo¬ 
tivate  our  nonlinear  viscoelastic  plastic  model8,1415  and  to  improve 
the  parameter  optimization  procedures  used  to  identify  its  param¬ 
eters.  Other  generalized  hysteresis  models  have  been  proposed  for 
MR  dampers  of  this  type,  such  as  Bouc-Wen  hysteresis  model.16*17 
However,  our  objective  is  to  improve  understanding  of  force  vs  dis¬ 
placement  and  force  vs  velocity  damper  behavior  by  developing  a 
mechanisms-based  modeling  perspective. 

Along  with  characterizing  the  behavior  of  the  MR  damper  based 
on  experimental  data,  we  will  demonstrate  the  ability  of  the  nonlin¬ 
ear  hysteretic  biviscous  and  the  nonlinear8,14*15  viscoelastic  plastic 
models  to  capture  both  the  force  vs  displacement  and  force  vs  ve¬ 
locity  behavior  of  the  damper  over  its  entire  operating  range.  Model 
parameters  for  each  of  the  four  models  are  identified  using  an  ex¬ 
perimental  data  set.  These  parameters  were  used  to  both  reconstruct 
the  hysteresis  cycles,  which  are  compared  with  the  experimental 
data  from  the  identification  data  set,  and  to  interpolate  values  for 
the  model  parameters  for  different  frequencies  and  applied  currents. 
The  identified  model  is  then  validated  using  a  second  validation  data 
set.  Interpolated  model  parameters  are  used  to  reconstruct  the  hys¬ 
teresis  cycle  data  in  the  validation  set.  Again,  the  error  between 
predicted  and  measured  damping  and  force  time  histories  is  calcu¬ 
lated.  This  allows  an  assessment  of  the  model  performance  for  data 
not  used  in  its  identification. 

A  systematic  procedure  with  which  to  analyze  the  hysteresis  be¬ 
havior  caused  by  steady-state  sinusoidal  excitation  of  MR  dampers. 
Because  the  rheological  behavior  of  ER  fluids  is  qualitatively  sim¬ 
ilar  to  that  of  MR  fluids,18  these  results  can  also  be  extended  to 
ER  dampers.  We  will  evaluate  the  performance  of  these  models  by 
comparing  model  identification  and  predictions  with  experimental 
force  vs  displacement  and  force  vs  velocity  hysteresis  cycle  data. 

IL  Damper  Testing 

The  magnetorheological  (MR)  linear  stroke  damper  used  for  this 
study  is  a  commercially  available  truck  seat  damper  manufactured 
by  the  Lord  Corporation.  This  damper  was  chosen  in  order  to  present 
a  case  study  that  can  easily  be  replicated.  A  schematic  of  the  nom¬ 
inal  MR  damper  is  shown  in  Fig:  la.  The  hydraulic  cylinder  of  the 
damper  is  nominally  102  mm  (4  in.)  in  length  and  45  mm  (1.75  in.) 
in  diameter.  As  shown  in  Fig.  la,  the  hydraulic  cylinder  houses  the 
damper  piston,  in  which  is  mounted  a  magnetic  circuit.  At  the  base 
and  inside  the  hydraulic  cylinder  is  a  nitrogen  accumulator  that  is 
used  to  pressurize  the  approximately  50  ml  of  MR  fluid  to  above 
atmospheric  pressure.  This  is  a  standard  technique  used  to  prevent 
cavitation  on  the  low  pressure  side  of  the  piston  while  it  is  in  motion. 
The  MR  fluid  flows  through  an  annular  orifice  in  the  piston  head, 
where  it  can  be  activated  by  a  current  applied  to  the  magnetic  circuit 
Additional  discussions  of  this  damper  are  given  by  Dyke  et  al.16  and 
Spencer  et  al.17 

The  MR  damper  was  tested  in  order  to  determine  steady-state 
characteristics  for  sinusoidal  velocity  inputs.  Testing  of  the  MR 
damper  was  done  at  varying  frequencies  and  magnetic  fields,  thus 
creating  two  separate  test  matrices.  The  first  data  set  was  used  to 
identify  model  parameters.  The  identification  data  were  collected  us¬ 
ing  applied  currents  in  the  range  of  0-1.0  A  in  increments  of  0.2  A, 
with  a  sinusoidal  excitation  of  the  damper  shaft  through  a  frequency 
range  of  1.00-3.00  Hz  in  increments  of  0.25  Hz.  To  create  a  mag- 


Table  I  Tested  54  unique  operating  conditions  to  create 


an  identification  data  set 


Applied 

current 

Sinusoidal  frequency  ft,  Hz 

/,  A 

1.00 

1.25 

1.50 

1.75 

2.00  2.25 

2.50 

2.75 

3.00 

0 

X 

X 

X 

X 

X  X 

X 

X 

X 

0.2 

X 

X 

X 

X 

X  X 

X 

X 

X 

0.4 

X 

X 

X 

X 

X  X 

X 

X 

X 

0.6 

X 

X 

X 

X 

X  X 

X 

X 

X 

0.8 

X 

X 

X 

X 

X  X 

X 

X 

X 

1.0 

X 

X 

X 

X 

X  X 

X 

X 

X 

Table  2 

Tested  48  unique  operating  conditions  to  create 

a  validation  data  set 

Applied 

current 

Sinusoidal  frequency  ft,  Hz 

/,  A 

1.125 

1.375 

1.625 

1.875  2.125  2.375 

2.625 

Z875 

0 

X 

X 

X 

X 

X 

X 

X 

X 

0.1 

X 

X 

X 

X 

X 

X 

X 

X 

0.3 

X 

X 

X 

X 

X 

X 

X 

X 

0.5 

X 

X 

X 

X 

X 

X 

X 

X 

0.7 

X 

X 

X 

X 

X 

X 

X 

X 

0.9 

X 

X 

X 

X 

X 

X 

X 

X 

Wires  to  Electromagnet  AnnuIar  orifice 


Coil 

Fig.  la  Cross  section  of  the  Rheonetics  SD-1000-2  MR  damper.  Cour¬ 
tesy  of  Lord  Corporation . 


Fig.  lb  Mechanical  damper  dynamometer  used  for  damper  testing. 


netic  field  inside  the  damper,  electric  current  is  used  to  activate  a 
magnetic  circuit  Measurements  of  magnetic  field  applied  to  the 
damper  are  not  available;  hence,  applied  current  is  used  to  gauge 
magnetic  field  strength.  The  validation,  or  second,  data  set  is  used  to 
validate  the  hysteresis  cycles  reconstructed  from  interpolated  model 
parameters  of  the  nonlinear  hysteretic  biviscous  and  the  nonlinear 
viscoelastic  plastic  models.  For  this  test  matrix  the  damper  was 
tested  using  current  ranging  from  0-0.9  A  in  increments  of  0.2  A. 
The  frequencies  tested  for  the  validation  data  set  range  from  1.125- 
2.875  Hz  in  increments  of  0.25  Hz.  The  test  conditions  for  the  identi¬ 
fication  and  validation  experimental  matrices  are  shown  in  Tables  1 
and  2,  respectively. 
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MR  damper  testing  was  done  using  a  5-hp  Roehrig  Engineering 
mechanical  damper  dynamometer,  as  shown  in  Fig.  lb.  A  sinusoidal 
shaft  displacement  of  25.4-mm  (1-in.)  amplitude,  measured  using 
a  linear  variable  differential  transformer,  was  used  to  excite  the 
dampers  and  the  resulting  force  was  measured  using  a  load  cell. 
The  resulting  force  vs  displacement  and  force  vs  velocity  hysteresis 
cycles  were  measured  for  every  test  condition  in  each  test  matrix. 
Applied  current,  and  hence  magnetic  field,  was  controlled  using  a 
power  supply,  which  provided  current  to  the  electromagnet  inside 
the  damper. 

III.  Filtering  of  Data 

During  each  test,  nominally  one  cycle  of  force  vs  displacement 
data  was  measured,  and  the  force  vs  velocity  hysteresis  cycle  was 
calculated. 

Calculating  the  velocity  and  acceleration  signals  using  a  finite  dif¬ 
ference  method  tended  to  accentuate  noise,  especially  in  the  acceler¬ 
ation  signal.  Instead,  the  velocity  and  acceleration  were  calculated 
by  differentiating  a  Fourier-series  expansion.  A  periodic  Fourier 
series  was  used  to  minimize  the  effects  of  this  noise  in  the  input 
displacement  signal  and  the  subsequent  differentiations  to  obtain 
the  input  velocity  and  acceleration  signals.19 

The  force  signal  was  not  filtered  because  the  damper  response 
was  nonlinear  and  it  could  not  be  determined  a  priori  exactly  which 
harmonics  contributed  to  the  damper  response  and/or  noise.  There¬ 
fore,  we  conservatively  used  the  measured  (unfiltered)  force  data  in 
both  the  model  parameter  identification  and  prediction  studies. 

IV.  Experimental  Results 

Typical  filtered  hysteresis  data  is  shown  in  Fig.  2.  The  force  vs 
displacement  [f(t)  vs  x(f)]  and  the  force  vs  velocity  [/(f)  vs  v(t)] 


a)  Force  vs  displacement 


Fig.  2  Hysteresis  cycles  for  the  MR  damper  for  sinusoidal  excitation 
at  2  Hz. 


hysteresis  cycles  show  applied  currents  of  0.2,  0.4,  0.6,  and  1.0  A 
at  a  frequency  of  Q  =  2.00  Hz. 

As  shown  in  Fig.  2a,  as  the  applied  current  to  the  electromag¬ 
net  is  increased  the  magnetic  field  increases,  and  hence  the  amount 
of  damping  also  increases,  which  is  represented  by  the  increasing 
area  enclosed  by  the  force  vs  displacement  hysteresis  cycle.  The 
Bingham  plastic-like  behavior29,21  of  the  MR  damper  can  be  seen 
in  the  force  vs  velocity  hysteresis  cycles  as  shown  in  Fig.  2b.  Con¬ 
sider  the  high-velocity  asymptote  of  an  individual  force  vs  velocity 
hysteresis  cycle.  If  this  asymptote  is  projected  back  to  the  force 
axis,  this  intercept  gives  the  value  of  the  yield  force  Fy.  It  is  easily 
seen  that  this  yield  force  increases  as  the  applied  current  (magnetic 
field)  increases.  When  the  damper  restoring  force  is  less  than  this 
yield  force,  the  dampens  said  to  be  operating  in  the  preyield  region. 
When  the  restoring  force  is  greater  than  the  yield  force,  the  damper 
is  said  to  be  operating  in  the  postyield  region.  The  yield  transition 
occurs  as  the  damper  restoring  force  transitions  through  the  yield 
force  value. 


V.  Linear  Damper  Models 

A.  Equivalent  Viscous  Damping 

Equivalent  viscous  damping  is  a  standard  linearization  technique 
that  could  be  applied  to  a  nonlinear  damper  such  as  this  MR  damper. 
Here,  the  damper  restoring  force  /  (/)  is  proportional  to  damper  shaft 
velocity  u(f)  as 


m  =  a) 

The  equivalent  viscous  damping  Ceq  is  computed  by  equating  the 
energy  dissipated  over  a  cycle  E  at  frequency  Q  using 

p  p2ir/Q 

E  =  j)F(t)  djc  =  y  F(/)u(f)  df  (2) 

and  equating  the  dissipated  energy  of  the  nonlinear  device  to  that  of 
an  equivalent  viscous  damper: 

Ccq  =  E/n£lXl  (3) 

The  energy  dissipated  over  one  cycle  is  computed  using  the  trape¬ 
zoidal  rule.  The  equivalent  viscous  damping  is  calculated  using 
Eq.  (3)  for  each  test  case.  The  results  from  the  identification  set 
are  shown  in  Fig.  3.  As  a  result  of  this  characterization  procedure, 
the  damper  is  linearized  to  be  an  ideal  dashpot  at  every  operating 
condition  so  that  Ceq  is  a  function  of  both  the  input  current  7  and 
the  displacement  amplitude  X«. 

B.  Complex  Modulus 

A  second  linear  characterization  approach  is  to  characterize  the 
complex  damper  stiffness  K*  as  the  in-phase  or  storage  stiffness  K' 


Fig.  3  Equivalent  viscous  damping  is  plotted  vs  applied  current  for 
several  tested  frequencies. 
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and  quadrature  or  loss  stiffness  K”  so  that 

K*  =  K'  +  jK"=K'(i+jri)  (4) 

where  rj  is  the  loss  factor.  This  is  a  common  approach  in  the  charac¬ 
terization  of  elastomeric  dampers  2,2?-24  To  determine  the  damper 
force,  . 

f(t)  =  Fc  cos  fit  +  Fx  sin  fit 

=  r^(t)  +  (rVfi)v(t)  (5) 


Here  Fc  and  Fs  are  the  cosine  and  sine  Fourier  coefficients  of  / (/) 
at  frequency  fi.  We  assume  that  the  displacement  is  sinusoidal: 

x(t)  =  Xc  cos  fit  +  X,  sin  fit  (6) 


where  Xv  and  Xs  are  the  cosine  and  sine  Fourier  coefficients  of 
*(t)  at  frequency  fi.  Substituting  *(t)  into  the  force  equation  and 
equating  the  sine  and  cosine  terms  yields  the  in-phase  and  quadrature 
stiffnesses  as 


_  FCXC  +  FSXS 
XI  +  X* 


FCXS  -  FSXC 
X?  +  X2 


(7) 


The  storage  stiffness  K'  is  sometimes  called  the  effective  or  equiv¬ 
alentstiffness.  The  loss  stiffness  K"  is  approximately  related  to  the 
equivalent  viscous  damping  by 

Cetl«X"/  fi  (8) 


The  relation  is  approximate  because  the  complex  stiffness  considers 
only  the  harmonic  of  the  force  at  frequency  fi,  whereas  the  equiva¬ 
lent  damping  considers  all  harmonics  of  the  force. 


The  estimated  values  for  the  equivalent  stiffness  and  the  loss 
stiffness  for  varying  fields  and  shown  in  Figs.  4a  and  4b.  The  damp¬ 
ing  and  stiffness  values  increase  as  a  quadratic  function  of  the 
field. 


VI.  Nonlinear  Damper  Models 

We  discuss  four  perspectives  with  which  to  describe  the  behav¬ 
ior  of  the  MR  damper  for  oscillatory  sinusoidal  loading  condi¬ 
tions:  1)  nonlinear  Bingham  plastic  model,9, 10  2)  nonlinear  biviscous 
model,11,12  3)  a  nonlinear  hysteretic  biviscous  model,  and  4)  non¬ 
linear  viscoelastic  plastic  model.8,14,15  The  first  three  models  are 
piecewise  continuous  in  velocity,  and  the  fourth  model  is  piecewise 
smooth  in  velocity. 


A.  Bingham  Plastic  Model 

By  adding  a  yield  force  to  a  linear  damping  model,  the  nonlin¬ 
ear  Bingham  plastic  model  results.  This  shear  flow  mechanism  has 
been  used  to  develop  predictive  models  assuming  both  parallel  plate 
geometry25-27  or  axi symmetric  geometry.20,21,28  Yield  force  Fy  and 
postyield  damping  C,*,  are  included  in  the  model.  A  schematic  of 
this  model  is  shown  in  Fig.  5a.  The  equations  describing  this  damper 
model  are 


m  = 


Cpnv  4-  Fy 

-Fy  <  f(t)  <  Fy 

CP„V  -  Fy 


v  >  0 
u  =0 
v  <  0 


(9) 


Fig.  4b  Quadrature  stiffness  K"  vs  applied  current. 


b)  Nonlinear  biviscous 


c)  Nonlinear  hysteretic  biviscous 


Fig.  5  Schematics  of  piecewise  continuous  nonlinear  damper  models. 

The  idealized  model  force  vs  velocity  behavior  is  represented  by  a - , 

whereas  the - is  representative  of  actual  damper  behavior. 
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The  nonlinear  Bingham  plastic  model  is  often  expressed  as 

fit)  =  Fy  sign  [v(t))  +  Cpov(t )  (10) 

The  model  assumes  that  in  the  preyield  condition  the  material  is  rigid 
and  does  not  flow;  hence,  when  (/(/)  |  <  Fy  the  shaft  velocity  v  =  0. 
Once  the  force  applied  to  the  damper  exceeds  the  yield  force,  then 
the  fluid  begins  to  flow,  and  the  material  is  essentially  a  Newtonian 
fluid  with  a  nonzero  yield  stress,  as  shown  in  Fig.  5a.  In  this  damper 
model  the  yield  force  is  obtained  from  the  postyield  force  vs  velocity 
asymptote  intercept  with  the  force  axis,  as  shown  in  Fig.  5a. 

B.  Nonlinear  Biviscous  Model 

Rather  than  assuming  that  the  MR  fluid  is  rigid  in  the  preyield 
condition,  we  adopt  the  nonlinear  biviscous  model  developed  by 
Stanway  et  al.,11  where  it  is  assumed  the  MR  fluid  is  plastic 
in  both  the  preyield  and  the  postyield  conditions.  However,  the 
preyield  damping  Cpr  should  be  assumed  to  be  much  greater  than 
the  postyield  damping  or  >  Cpo.  In  this  damper  model  the 
yield  force  is  still  represented  by  the  postyield  force  vs  velocity 
asymptote  intercept  with  the  force  axis,  as  shown  in  Fig.  5b.  The 
advantage  of  a  plastic  preyield  mechanism  is  that  it  accounts  for  the 
preyield  damping  portion  of  the  typical  viscoelastic  preyield  behav¬ 
ior  of  an  ER  or  MR  fluid.  Versions  of  this  model  have  been  adopted 
to  analyze  leakage  in  ER  dampers.12,29  The  equations  describing 
this  model  are 


/(O  = 

f  CpaV  +  Fy 
|  Cprv 

V  >  Vy 

—  Vy  >  V  <  Vy 

[  C?0V  -  Fy 

V  <  —  Vy 

(11) 

where  the  yield  velocity  is  given  by 

Vy  —  Fy/ (Cpf 

—  Cpo)  . 

(12) 

Fig.  6  Schematic  of  the  nonlinear  viscoelastic  plastic  model  used  to 
represent  MR  damper  behavior. 
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a)  Viscoelastic  mechanism  Lve  in  the  preyield  branch  of  the  model 
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b)  Viscous  mechanism  Ly j  in  the  postyield  branch  of  the  model 
Fig.  7  Mechanisms  used  in  the  viscoelastic  plastic  model. 


C.  Nonlinear  Hysteretic  Biviscous  Model 

Based  on  damper  behavior  observed  during  testing,  the  force 
vs  velocity  behavior  shows  a  distinct  preyield  hysteresis.  A  four- 
parameter  nonlinear  hysteretic  biviscous  model  that  has  a  clear 
physical  motivation  is  introduced.  The  nonlinear  hysteretic  bivis¬ 
cous  model  is  an  extension  of  Stanway  et  al.’s  nonlinear  biviscous 
constitutive  model1 1  with  an  improved  representation  of  the  preyield 
hysteresis.  The  preyield  hysteresis  is  modeled  by  adding  a  fourth  pa¬ 
rameter,  that  is,  the  zero  force  velocity  intercept  vq  to  the  three  prior 
parameters:  the  preyield  viscous  damping  C^,  the  postyield  viscous 
damping  Cpo,  and  the  yield  force  Fy.  The  equations  of  the  piece- 
wise  continuous  nonlinear  hysteretic  biviscous  model,  schematized 
in  Fig.  5c,  are 


/(/)  = 


Cj>oU  Fy 
CpT(v  -  Vo) 

CpoU-4-  Fy 
CpoV  +  Fy 

Cpriv  +  U(l) 

CpoU  Fy 


V  <  —  Uj 
— Uj  <  V  <  v2 
V2  <  V 
Vi  <  V 

—  V2  <V<Vi 

v  <  —v2 


v  >  0 
i}  >  0 
v  >  0 
v  <  0 
v  <  0 

v  <  0  (13) 


where  we  have  introduced  the  compressive  yield  velocity  Uj  and  the 
tensile  yield  velocity  v2,  given  by 


vx  = 


Fy  ~  CpfUo 

Cpr  —  Cpo 


=  'c:±£c—  (14) 

Cpr  I'po 

The  hysteresis  cycle  is  separated  into  two  groups  of  equations.  The 
first  group  of  three  equations  are  for  positive  acceleration,  whereas 
the  second  three  are  for  negative  acceleratioa 


D.  Nonlinear  Viscoelasti  c  Plastic  Model 

As  shown  by  the  experimental  force  vs  velocity  hysteresis  cy¬ 
cle  data  in  Fig.  2b,  there  are  two  distinct  rheological  domains  over 
which  the  dampers  operate:  the  preyield  and  postyield  regions.  The 
preyield  region  exhibits  a  strong  hysteresis,  which  is  typical  of  a 
viscoelastic  material  The  postyield  region  is  plastic  with  a  nonzero 
yield  force,  as  in  the  nonlinear  Bingham  plastic,  biviscous,  and  hys¬ 
teretic  biviscous  models.  The  yield  force  varies  as  a  function  of  the 


applied  current  (magnetic  field),  as  observed  from  Fig.  2.  We  now 
describe  the  structure  of  the  nonlinear  viscoelastic  plastic  model,  a 
block  diagram  of  which  is  depicted  in  Fig.  6. 

1.  Preyield  Mechanism 

The  Kelvin  chain  element  shown  in  Fig.  7a  is  used  as  the  mechan¬ 
ical  analog  representing  the  viscoelastic  behavior  of  the  damper 
in  the  preyield  region.  The  differential  equation  representing  this 
mechanism  in  the  time  domain  is 

/ve(/)  =  Kycx(t)  +  Cyev(t)  (15) 

Here  /ve  is  the  viscoelastic  component  of  the  damper  force.  The  non¬ 
linear  shape  function  Syc  is  the  preyield  switching  function,  which 
along  with  an  analogous  postyield  switching  function  Svi  effects  the 
smooth  transition  from  the  preyield  phase  to  the  postyield  phase. 
The  function  Sve  is  dependent  on  the  yield  velocity  vy  that  is  chosen 
during  the  estimation  process.  Svc  is  given  by 

where  t/(/)  is  the  instantaneous  velocity,  and  ey  is  a  smoothening 
parameter.  Thus,  the  force  component  caused  by  the  preyield  mech¬ 
anism  is  given  by 

fPr(t)  =  Svt(v)fve(t)  (17) 


2.  Postyield  Mechanism 

In  postyield  the  damper  clearly  behaves  as  a  viscous  damper  with 
a  nonzero  yield  force.  The  postyield  mechanical  analog,  denoted  by 
Ly i  in  Fig.  6,  is  the  viscous  mechanism,  which  can  be  represented  as 
a  damper  in  Fig.  7b.  Thus,  the  postyield  force  component  is  given  by 

fy  i  =  Cv\V(t)  (18) 

Swi  is  similar  to  the  shape  function  SyCi  where  Svi  acts  as  a  switch¬ 
ing  function  to  turn  on  the  postyield  viscous  mechanism  when  the 
damper  crosses  the  yield  point.  It  is  given  by 

S.1W-j[l  +  t>nh(!i^)]  „9) 
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Thus,  the  force  component  caused  by  the  postyield  mechanism  is 
given  by 

/p«W  =  Syi(v)Mt)  (20) 

3.  Yield  Force 

The  yield  force  Fc  is  a  function  of  the  applied  field  and  is  the 
field-dependent  parameter  that  provides  the  damper  with  its  semi¬ 
active  capabilities.  The  Coulomb  force  or  yield  force  effect  seen 
in  the  damper  behavior  at  low  velocity  are  described  using  the 
yield  force  parameter  Fc  and  the  shape  ftmction  Sc  as  given  by  the 
equation 

St:(v)  =  tanh(v/4e<:)  (21) 

where  v  ( t )  is  the  velocity  amplitude  and  €c  is  the  smoothening  factor 
that  ensures  smooth  transition  from  the  negative  to  positive  veloci¬ 
ties  and  vice  versa.  The  force  component  caused  by  the  yield  force 
is  given  by 

fit)  =  Sc{v)Fc  (22) 

4.  Mechmisms-Based  Model 

For  a  sinusoidal  displacement  input  the  force  output  of  the  non¬ 
linear  viscoelastic  plastic  model  is  written  as 

fit)  =  fpri.t)  +  fpait)  +  fit) 

=  Svciv)fc  +  svi(v)fyi  4-  Sc(v)F(.  (23) 


or,  the  total  force  is  a  nonlinear  combination  of  the  forces  from  each 
of  the  linear  mechanisms. 

The  viscoelastic-plastc  model  combines  linear  mechanisms  us¬ 
ing  nonlinear  shape  functions.  In  addition,  the  preyield  and  postyield 
mechanical  analogs,  the  shape  functions,  the  yield  force  effect,  and 
nonlinear  combination  of  these  component  forces  to  obtain  the  total 
predicted  force,  are  based  on  observed  damper  behavior. 

VII.  Parameter  Identification 

The  parameters  associated  with  the  nonlinear  damper  models  are 
identified  by  minimizing  the  mean  squared  error  between  the  mea¬ 
sured  force  and  the  force  predicted  by  the  model,  subject  to  con¬ 
straints  that  the  parameters  be  positive.  The  model  parameters  are 
determined  only  from  the  identification  data  set  These  procedures 
are  briefly  described  next. 


A.  Nonlinear  Hysteretic  Biviscous  Model 

Hie  parameters  of  the  three  piecewise  continuous  models  C^,  C^, 
Fy ,  and  were  identified  as  a  function  of  applied  current  (magnetic 
field)  and  frequency,  using  a  constrained  least-mean-squared  (LMS) 
error  minimization  procedure  using  MATLAB®  subroutines.  Only 
a  single  optimization  procedure  is  required  to  identify  the  param¬ 
eters  of  the  nonlinear  hysteretic  biviscous  model,  the  parameters 
of  which  are  used  for  all  three  nonlinear  models:  Bingham  plastic. 


Fig.  8  Four  parameters  of  preyield  damping  Cpr,  postyield  damping  Cpo,  zero  force  velocity  intercept  v0,  and  yield  force  Fy  are  plotted  vs  applied 
current  for  the  linear  stroke  MR  damper. 
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biviscous,  and  hysteretic  biviscous.  A  cost  function  J  was  defined 
as 

N 

J(C„,  vn,  Cpo,  Fy)  =  £[/&)  -  f(tk)]2  (24) 

k  =  1 

where  / (r*)  is  the  force  calculated  using  the  equations  of  the  nonlin¬ 
ear  hysteretic  biviscous  model  from  Eq.  (13),  / (4)  is  the  measured 
force,  and  tk  is  the  time  at  which  the  &th  sample  was  taken.  The 
four  parameters  of  C Cpo,  Fy ,  and  r0  are  estimated  so  as  to  mini¬ 
mize  the  cost  function  J .  The  values  of  Cpr,  Cpo>  Fy ,  and  u()  are  all 
constrained  to  be  greater  than  zero,  and  Cpr  >  C^.  The  parameter 
optimization  is  performed  on  each  test  case  of  the  identification  data 


set.  In  Fig.  8  the  four  parameters  of  preyield  damping  Cpr,  postyield 
damping  Cpo,  zero  force  velocity  intercept  v0>  and  yield  force  Fy 
are  plotted  vs  applied  current. 

B.  Nonlinear  Viscoelasti  c  Plasti  c  Model 

The  parameters  of  the  nonlinear  viscoelastic  plastic  model  Cve, 
Kvc,  Cvi,  Fet  vyi  ey,  and  €c  are  functions  of  both  applied  field  and 
frequency.  In  this  case  the  cost  function  J  was  defined  as 

N 

J  (Cyt,  KW,  Vy,  €y,  Fc,  Cvi)  =  (25) 

k  =  1 

where  f(tk )  is  the  force  calculated  using  the  equations  of  the  non¬ 
linear  viscoelastic  plastic  model,  f(tk )  is  the  measured  force,  and  tk 


Applied  Current  [A] 

Applied  Current  [A] 

a)  Preyield  damping  Cve 

d)  'Weld  parameter 

0.4  0.6  0.8 

Applied  Current  [A] 


0.2  0.4  0.6 

Applied  Current  [A] 


b)  Preyield  stiffness  Kyt 


e)  Yield  force  Fy 


0.4  0.6  0.8 

Applied  Current  [A] 
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Applied  Current  [A] 


c)  Yield  velocity  vy 


f)  Yield  force  parameter  ^ 


0.2  0.4  0.6  0.8 


g)  Postyield  damping  Cvi 

Fig.  9  Parameters  of  the  nonlinear  viscoelastic  plastic  model  are  plotted  vs  applied  current. 
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is  the  time  at  which  the  Jfcth  sample  was  taken.  The  seven  parameters 
of  the  model  are  estimated  so  as  to  minimize  the  cost  function  J 
and  are  constrained  to  be  greater  than  zero.  The  parameter  optimiza¬ 
tion  is  performed  for  each  tested  condition  of  applied  current  and 
frequency. 

An  important  problem  is  selecting  the  initial  conditions  for  the 
optimizer.  These  initial  conditions  are  based  on  the  values  calculated 
from  the  nonlinear  hysteretic  biviscous  parameter  optimization: 

Cyi  —  Cpo,  Fc  —  Fyi  vy  =  V()  (26) 

The  initial  conditions  for  the  smoothening  parameters  €c  and  €y 
were  typically  chosen  to  be  values  between  0  and  10  depending  on 
thetestcase.  Initial  conditions  of  the  preyield  mechanism  parameters 
Kvc  and  Cve  were  selected  to  be  a  small  positive  number  and  zero, 
respectively.  In  Fig.  9  the  seven  parameters  of  the  viscoelastic  plastic 
model  plotted  vs  applied  current. 

VIII.  Parameter  Identification  Results 

The  parameters  obtained  from  the  optimization  procedure  are 
used  in  their  respective  models  to  reconstruct  hysteresis  cycles.  The 
force  vs  displacement  and  the  force  vs  velocity  cycles  reconstructed 
from  the  parameters  are  then  compared  with  the  experimental  data 
in  the  identification  set. 

A.  Piecewise  Continuous  Models 

The  model  parameters  are  used  to  reconstruct  the  force  vs  dis¬ 
placement  and  force  vs  velocity  hysteresis  cycles  for  each  of  the 
three  piecewise  continuous  models.  Figures  10-12  show  the  re¬ 
constructed  hysteresis  cycles  using  the  optimized  parameters  for 


b)  Bingham  plastic  force  vs  velocity 

Fig.  10  Bingham  plastic  model  reconstructions  shown  with  experimen¬ 
tal  data.  Test  cases  shown  are  7  =  0.2, 1.0  A;  12  =  2.00  Hz. 


b)  Biviscous  force  vs  velocity 

Fig.  11  Nonlinear  biviscous  model  reconstructions  shown  with  exper¬ 
imental  data  for  test  cases  7  =  0.2, 1.0  A;  f2=  2.00  Hz. 


the  nonlinear  Bingham  plastic,  nonlinear  biviscous,  and  the  nonlin¬ 
ear  hysteretic  biviscous  models.  Applied  currents  of  7=0.2  and 
1.0  A  at  a  frequency  of  £2  =  2.0  Hz  are  shown  for  each  of  the 
models. 

For  the  nonlinear  Bingham  plastic  model  the  comparison  of  mod¬ 
eled  and  experimental  force  vs  displacement  shown  in  Fig.  10a,  the 
force  vs  velocity  is  shown  in  Fig.  10b.  By  adding  a  yield  force  to  the 
postyield  viscous  damping,  the  Bingham  plastic  model  accurately 
represents  the  postyield  force  vs  velocity  behavior.  However,  the 
rigid  preyield  characteristic  is  not  representative  of  the  measured 
preyield  behavior. 

For  the  nonlinear  biviscous  model  the  comparison  of  force  vs 
displacement  and  force  vs  velocity  is  shown  in  Figs.  11a  and  lib, 
respectively.  The  rigid  preyield  of  the  Bingham  plastic  model  is 
replaced  by  a  viscous  preyield  mechanism  in  order  to  have  a  more 
realistic  preyield  behavior.  However,  the  preyield  force  vs  velocity 
hysteresis  is  still  not  captured  by  this  model. 

For  the  nonlinear  hysteretic  biviscous  model  the  force  vs  dis¬ 
placement  and  force  vs  velocity  hysteresis  cycles  are  shown  in 
Figs.  12a  and  12b.  Of  the  piecewise  continuous  models  the  nonlin¬ 
ear  hysteretic  biviscous  model  most  accurately  represents  the  force 
vs  velocity  behavior,  including  the  preyield  hysteresis.  The  force 
vs  displacement  behavior  is  equally  well  represented  by  all  of  the 
piecewise  continuous  models. 


B.  Piecewise  Smooth  Model 

The  optimized  parameter  values  are  used  to  reconstruct  the  force 
vs  displacement  and  force  vs  velocity  hysteresis  cycles  for  all  of  the 
tested  conditions  of  the  identification  set.  Shown  in  Figs.  13a  and 
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Fig.  12  Hysteretic  biviscous  model  reconstructions  shown  with  exper¬ 
imental  data  for  test  cases  /= 0.2, 1.0  A;  0=  2.00  Hz. 


13b  are  the  force  vs  displacement  and  force  vs  velocity  hysteresis 
cycles  for  ft  =  2.0  Hz  for  the  applied  current  /  =  0.2  and  1 .0  A.  This 
model  very  accurately  reconstructs  the  force  vs  velocity  behavior, 
including  the  preyield  hysteresis.  The  force  vs  displacement  data 
are  also  accurately  reconstructed 

IX.  Model  Performance  Assessment 
To  evaluate  the  performance  of  each  of  the  four  nonlinear  mod¬ 
els,  the  error  between  the  experimental  and  the  model  values  for 
the  equivalent  viscous  damping  and  the  force  time  history  are 
calculated. 

A.  Equivalent  Viscous  Damping  Error 

Of  critical  importance  is  the  modeling  of  damping  or  energy  dis¬ 
sipation.  Here  we  evaluate  how  well  the  nonlinear  models  identify 
the  energy  dissipation  over  one  cycle  because  the  cost  function  for 
the  parameter  optimization  techniques  was  the  LMS  error  in  the 
prediction  of  the  force  time  history  and  not  the  energy  dissipation 
over  a  cycle.  The  force  vs  displacement  hysteresis  cycle  behavior  is 
represented  accurately  by  the  three  nonlinear  piecewise  continuous 
models,  but  the  nonlinear  viscoelastic  plastic  model  is  a  much  im¬ 
proved  model.  The  accuracy  of  the  nonlinear  models  at  matching 
the  energy  dissipation  per  cycle  is  fairly  consistent,  even  though 
the  force  vs  velocity  hysteresis  behavior  varies  significantly  be¬ 
tween  the  models.  Essentially,  the  postyield  behavior  of  the  damper 
plays  the  largest  role  in  describing  the  energy  dissipation,  where 
the  velocity  is  greatest  All  of  the  preyield  behavior  occurs  at  rel¬ 
atively  lower  velocity,  making  less  of  an  impact  on  the  damping 
performance. 


b)  Viscoelastic  plastic  force  vs  velocity 

Fig.  13  Viscoelastic  plastic  model  reconstructions  shown  with  experi¬ 
mental  data  for  test  cases  /  =  0.2, 1.0  A;  £2= 2.00  Hz. 


To  illustrate  this,  consider  Figs.  14a  and  14b,  which  show  the 
error  between  the  calculated  damping  from  experimental  data  and 
the  model  during  a  single  cycle  of  oscillation.  Figure  14a  shows 
the  average  equivalent  viscous  damping  error  for  the  Newtonian 
cases.  The  error  for  each  model  is  obtained  by  taking  the  average 
error  for  the  zero  field,  or  Newtonian  cases  at  all  tested  frequencies, 
and  the  standard  deviation  for  each  calculation  is  shown.  As  each 
model  captures  the  hysteresis  behavior  more  accurately,  the  equiv¬ 
alent  viscous  damping  error  is  reduced.  The  overall  performance 
for  the  Newtonian  cases  improves  from  5.9%  error  for  the  Bingham 
plastic  model  to  0.1%  for  the  viscoelastic  plastic  model. 

Figure  14b  shows  the  average  equivalent  viscous  damping  for  the 
applied  current  cases,  for  which  the  damping  error  is  much  lower 
than  for  the  Newtonian  cases.  This  difference  can  be  attributed  to 
the  asymmetric  behavior  seen  in  the  damper  when  no  field  is  ap¬ 
plied.  This  effect  is  mainly  caused  by  the  nitrogen  accumulator 
used  to  prevent  cavitation.  This  asymmetry  causes  error  in  the  iden¬ 
tification  of  the  model  parameters,  which  are  calculated  using  a 
symmetric  model.  As  the  applied  field  is  increased,  the  hysteresis 
curves  become  symmetric  because  the  effects  of  the  accumulator 
diminish.  At  higher  field  strengths  the  model  parameters  can  accu¬ 
rately  be  determined  by  the  symmetric  models,  reducing  the  error. 
Figure  14b  shows  the  average  damping  error  for  cases  with  applied 
field  fall  between  1 .4%  for  the  Bingham  plastic  model  and  0.1%  for 
the  viscoelastic  plastic  model. 

B.  Force  Error 

As  stated  earlier,  the  postyield  region  behavior  of  the  damper 
plays  the  largest  role  in  the  damper  behavior.  The  ability  of  the 
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a)  Zero  field  or  Newtonian  damping  error 


Applied  Current  [A] 


b)  Damping  error 

Fig.  14  Average  equivalent  viscous  damping  errors  for  the  identifica¬ 
tion  data  set. 

nonlinear  models  to  describe  the  force  vs  velocity  hysteresis  curves 
is  extremely  important  in  modeling  the  MR  damper.  To  compare 
model  performance  in  the  identified  force  time  history,  the  average 
error  between  the  measured  and  identified  force  time  histories  is 
calculated  By  calculating  the  force  error  for  each  model,  we  can 
get  a  quantitative  measure  of  how  well  each  model  characterizes 
MR  damper  behavior.  The  force  error  was  calculated  using 

1  n  / 

e=  ^^[/(4)-/(4)]y  /—  (27) 

where  / (/*)  is  the  force  time  history  calculated  using  the  equations 
for  each  of  the  models,  f(tk)  is  the  measured  force,  and  tk  is  the 
time  at  which  the  &th  sample  was  taken.  The  rms  value  is  then 
nondimensionalized  by  the  maximum  measured  force.  For  each  test 
case  of  the  identification  set  the  force  error  was  calculated  for  all 
four  models.  These  values  were  then  used  to  calculate  an  average 
error  for  value  of  field  tested 

Figure  15a  shows  the  force  error  for  the  Newtonian  cases  from  the 
identification  data  set  Again  the  error  is  the  largest  for  the  Bingham 
plastic  model  and  decreases  as  the  modeling  of  the  preyield  region 
improves.  The  error  for  the  Bingham  plastic  model  was  29.5%  while 
the  error  for  the  viscoelastic  plastic  model  was  5.5%.  The  biviscous 
and  the  hysteretic  biviscous  models  fall  within  the  range  of  error 
between  the  Bingham  plastic  and  the  viscoelastic  plastic  models. 

Figure  15b  compares  the  average  force  error  for  non-Newtonian 
cases  for  each  of  the  four  nonlinear  models.  Once  again  the  effects 


a)  Zero  field  or  Newtonian  force  error 


Applied  Current  [A] 


b)  Force  error 


Fig.  15  Average  force  time  history  error  for  the  identification  data  set. 


of  the  preyield  modeling  are  seen  in  the  force  error.  The  Bing¬ 
ham  plastic  model  has  an  average  error  of  19.4%;  with  the  addi¬ 
tion  of  parameters  and  smoothing  functions  to  create  the  viscoelas¬ 
tic  plastic  model,  the  force  time  history  error  is  reduced  to  4.5%. 
These  results  were  generally  expected;  however,  the  performance  of 
the  hysteretic  biviscous  model  was  better  than  expected  with  6.6% 
error.  For  higher  field  cases  the  nonlinear  hysteretic  biviscous  model 
performed  almost  as  well  as  the  viscoelastic  plastic  model. 

X.  Computational  Expense 

Determining  the  model  parameters  through  an  optimization 
scheme  is  both  time  consuming  and  costly.  When  considering  which 
model  optimization  scheme  to  use,  the  tradeoff  between  model 
performance  and  computational  time  should  be  considered. 

The  nonlinear  hysteretic  biviscous  model  has  four  model  param¬ 
eters  that  must  be  optimized  for  every  test  case.  These  four  model 
parameters  are  essentially  LMS  line  fits  to  the  preyield  and  postyield 
regions  of  the  force  vs  velocity  data.  This  optimization  is  fairly  sim¬ 
ple,  and  the  optimization  of  the  four  model  parameters  is  very  effi¬ 
cient.  In  fact  the  model  parameters  of  the  hysteretic  biviscous  model 
can  be  determined  graphically  with  great  accuracy. 

The  nonlinear  viscoelastic  plastic  model  is  a  piecewise  smooth 
model  that  has  seven  parameters.  Increasing  the  number  of  parame¬ 
ters  increases  the  computational  time  required  to  minimize  the  cost 
function.  Optimization  time  is  also  increased  because  the  viscoelas¬ 
tic  plastic  model  is  a  more  complex  curve  fit  than  the  LMS  line  fit, 
which  the  hysteretic  biviscous  model  uses. 

To  compare  the  two  models,  the  CPU  running  time  and  the  number 
of  flops  for  each  optimization  scheme  were  determined  for  three  test 
cases  representing  a  low,  medium,  and  a  high  field  strength  test.  The 
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applied  current  values  were  7  =  0.2  A,  0.6  A,  and  1.0  A;  the  fre¬ 
quency  for  each  of  these  tests  was  Q  =2.0  Hz.  Table  3  shows  the 
results  from  the  optimization  cases  for  each  model. 

Typically.the  viscoelastic  plastic  model  optimization  is  16  times 
longer  than  the  nonlinear  hysteretic  biviscous  model  optimization 
in  terms  of  CPU  processing  time  and  uses  three  times  as  many  more 
flops  in  order  to  minimize  the  cost  function.  The  main  difficulty  that 
arises  with  this  optimization  scheme,  other  than  actual  running  time, 
is  choosing  of  initial  conditions  for  each  of  the  seven  parameters. 

Difficulties  with  the  optimization  are  caused  by  incorrectly  choos¬ 
ing  initial  values  for  each  of  the  seven  model  parameters.  Conver¬ 
gence  for  the  parameters  was  unlikely  to  occur  if  even  one  of  the 
initial  values  was  chosen  incorrectly.  Because  four  of  the  model  pa¬ 
rameters  are  based  on  the  four  parameters  of  the  hysteretic  biviscous 
model,  it  is  almost  crucial  that  the  nonlinear  hysteretic  biviscous 
optimization  be  run  first  to  obtain  values  for  those  four  parameters, 
which  are  in  the  correct  range.  As  for  the  other  three  parameters,  a 


Table  3  Computation  effort  comparison  for  the  hysteretic 
_ biviscous  and  the  viscoelastic  models _ 


Parameter 

0.2  A 

0.6  A 

1.0  A 

Hysteretic  biviscous  model  optimization  results 

Flops,  M 

4.6 

4.5 

5.8 

CPU  time,  s 

29 

37 

43 

Viscoelastic  plastic  model  optimization  results 

Flops,  M 

12.9 

13.3 

16.6 

CPU  time,  s 

575 

593 

733 

trial  and  error  method  was  used  for  these  initial  values.  The  sensi¬ 
tivity  to  initial  conditions  makes  the  nonlinear  viscoelastic  plastic 
model  optimization  scheme  both  more  difficult  and  more  time  con¬ 
suming  to  use.  Quite  often  in  this  study  test  cases  had  to  be  run 
several  times  to  obtain  an  acceptable  fit  with  the  experimental  data. 

The  results  from  the  optimizations  show  that  the  viscoelastic  plas¬ 
tic  model  gives  slightly  better  results  than  the  hysteretic  biviscous 
in  terms  of  modeling  the  damping  and  force,  but  a  computational 
price  is  paid.  The  hysteretic  biviscous  model  has  an  advantage  with 
regard  to  optimization  time  because  of  its  simplicity.  Typically  the 
performance  of  the  hysteretic  biviscous  is  fairly  good  with  respect 
to  the  modeling  of  the  hysteresis  curves,  making  the  hysteretic 
biviscous  model  better  for  some  types  of  applications.  When  con¬ 
sidering  which  model  to  use,  performance  as  well  as  computational 
time  and  expense  should  be  considered. 

XI.  Model  Validation 

The  four  nonlinear  models  require  experimental  data  consisting 
of  displacement,  force,  velocity,  and  acceleration  in  order  to  use 
the  parameter  optimization  schemes.  The  prediction  of  hysteresis 
cycles  from  already  identified  model  parameters  is  useful  when  ex¬ 
perimental  data  are  not  available.  To  validate  the  model  parameters 
over  the  operating  range  of  the  damper,  a  validation  study  was  done. 
For  this  validation  study  the  hysteretic  biviscous  and  the  viscoelastic 
plastic  model  parameters  from  the  identification  data  set  were  used 
to  determine  offset  model  parameter  values. 

To  determine  the  offset  model  parameters  for  the  validation,  a  two- 
dimensional  interpolation  subroutine  in  MATLAB  was  used.  Once 


Fig.  16  Predicted  hysteresis  cydes  for  the  hysteretic  biviscous  model 
are  compared  to  those  from  the  validation  data  set.  Test  cases  shown  are 
7  =  0.3,  0.5,  and  0.9  A,  all  at  2.875  Hz. 


a)  Viscoelastic  plastic  force  vs  displacement 


b)  Viscoelastic  plastic  force  vs  velocity 


Fig.  17  Predicted  hysteresis  cydes  for  the  viscoelastic  plastic  model 
are  compared  to  those  from  the  validation  data  set.  Test  cases  shown 
are  / = 0.3,  0.5,  and  0.9  A,  all  at  2.875  Hz. 
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the  offset  parameters  were  calculated,  they  were  used  to  reconstruct 
force  vs  displacement  and  force  vs  velocity  hysteresis  cycles.  The 
predicted  hysteresis  curves  are  compared  with  the  experimental  data 
from  the  validation  data  set  These  data  were,  collected  at  the  same 
frequency  and  applied  current  as  the  predicted  parameters. 

Figures  16  and  17  show  both  the  predicted  and  experimental  hys¬ 
teresis  cycles  for  both  the  nonlinear  hysteretic  biviscous  and  the 
nonlinear  viscoelastic  plastic  models.  Each  of  the  plots  show  ap¬ 
plied  current  of  0.3, 0.5,  and  0.9  A,  at  a  frequency  of  ft  =  2.875  Hz. 

Figures  16a  and  16b  compare  the  measured  force  vs  displacement 
and  force  vs  velocity  hysteresis  cycle,  with  those  predicted  using 
the  hysteretic  biviscous  model.  Figures  17a  and  17b  do  the  same 
for  the  nonlinear  viscoelastic  plastic  model.  From  these  plots  we 
can  see  that  the  correlation  between  the  predicted  and  experimental 
hysteresis  cycles  is  acceptable. 

A.  Model  Prediction  Error 

To  evaluate  model  performance,  once  again  the  equivalent  viscous 
damping  and  the  force  time  history  errors  are  calculated  These 
errors  will  be  used  to  compare  the  performance  of  the  hysteretic 
biviscous  and  the  viscoelastic  plastic  models  in  the  validation  study, 
which  are  compared  with  the  results  of  the  identification  set. 

B.  Equivalent  Viscous  Damping  Error 

The  equivalent  viscous  damping  error  for  the  prediction  set  is  cal¬ 
culated  using  the  same  method  that  was  used  for  the  identification 
set.  The  Newtonian  test  cases  were  again  separated  from  the  applied 
field  cases  because  the  errors  were  higher  as  a  result  of  the  asym¬ 
metric  behavior  of  the  damper  caused  by  the  nitrogen  accumulator. 


First,  examining  the  performance  of  each  model  in  the  prediction 
set  in  Figs.  18a  and  18b  shows  the  average  Newtonian  damping  er¬ 
ror  for  the  nonlinear  hysteretic  biviscous  and  the  viscoelastic  plastic 
models.  The  zero  field  error  for  the  viscoelastic  plastic  model  is 
29.1%;  this  is  much  higher  than  the  error  for  the  hysteretic  bivis¬ 
cous  model,  which  is  13.8%.  Examining  the  non-Newtonian  aver¬ 
age  damping  errors,  the  0. 1  A  case  for  both  the  hysteretic  biviscous 
and  the  viscoelastic  plastic  has  errors  larger  than  the  higher  applied 
field  cases.  This  is  again  caused  by  the  asymmetric  behavior  of  the 
damper  at  Newtonian  and  low  field  conditions.  As  the  applied  field 
increases,  the  average  damping  error  decreases  for  both  models,  the 
average  damping  error  for  the  nonlinear  hysteretic  biviscous  model 
is  5.1%,  and  the  average  error  for  the  nonlinear  viscoelastic  plastic 
model  is  6.2%. 

To  compare  the  damping  results  from  the  identification  set  with 
those  from  the  prediction  set,  consider  Figs.  14  and  18.  We  can 
see  that  the  equivalent  viscous  damping  error  is  much  higher  in  the 
prediction  set  than  it  is  in  the  identification  set  for  all  field  cases.  The 
average  Newtonian  damping  error  of  the  prediction  set  is  13.8%  for 
the  hysteretic  biviscous  model;  for  the  identification  set  this  error 
is  approximately  1.5%.  For  the  applied  field  cases  the  average  error 
for  the  equivalent  viscous  damping  is  0. 1  %  for  the  identification  set; 
this  error  is  on  average  5.5%  for  the  prediction  data  set. 

Comparing  the  performance  of  the  viscoelastic  plastic  model  in 
the  identification  and  prediction  data  sets,  it  is  seen  that  the  ability 
of  the  model  to  predict  damping  is  not  as  good  as  the  hysteretic 
biviscous  model.  The  average  damping  error  of  the  identification 
set  was  0.1  %,  which  is  much  lower  than  the  average  damping  error 
for  the  validation  set,  which  is  6.2%. 


a)  Newtonian  prediction  force  error 


Applied  Current  [A] 

b)  Prediction  damping  error 

Fig.  18  Average  damping  error  calculated  from  the  predicted  models 
and  the  experimental  data. 


Applet!  Current  (AJ 

b)  Prediction  force  error 

Fig.  19  Average  force  time  history  error  calculated  from  the  predicted 
models  and  the  experimental  data. 
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C.  Force  Error 

The  force  time  history  error  between  the  predicted  models  and 
the  measured  force  from  the  validation  data  set  was  calculated  using 
Eq.  (27).  The  results  are  shown  in  Figs.  19a  and  19b. 

The  nonlinear  hysteretic  biviscous  predicted  model  results  were 
better  than  the  viscoelastic  plastic  results  for  the  Newtonian  cases. 
The  average  Newtonian  force  error  for  the  hysteretic  biviscous 
model  was  approximately  19%,  whereas  the  viscoelastic  plastic 
Newtonian  error  was  29.5%.  For  the  applied  current  cases  the  pre¬ 
dictions  were  much  better  for  both  models.  As  the  current  increased 
the  error  decreased,  and  the  models  performed  comparably.  For  the 
higher  field  strengths  the  average  force  error  for  both  models  is  9.5%. 
Comparing  the  force  errors  from  the  predictions  with  the  force  er¬ 
rors  from  the  identification  set,  we  see  that  the  hysteretic  biviscous 
model  has  about  the  same  Newtonian  force  error  in  both  studies.  The 
viscoelastic  plastic  model  percent  error  increased  from  4.5%  in  the 
identification  to  29.5%  in  the  prediction.  The  two  models  perform 
comparably  in  both  studies  for  applied  field  cases. 

XII.  Conclusions 

An  MR  damper  was  characterized  using  equivalent  viscous  damp¬ 
ing.  This  linear  technique  appropriately  accounts  for  the  energy  dis¬ 
sipated  over  one  oscillation  cycle.  This  model  describes  the  MR 
damper  as  an  equivalent  linear  passive  hydraulic  damper  via  the 
equivalent  viscous  damping  C^.  Ceq  was  shown  to  be  a  function  of 
both  the  applied  magnetic  field  (current)  and  sinusoidal  excitation. 
However,  the  equivalent  viscous  damping  model  does  not  accurately 
account  for  either  the  steady  state  force  vs  displacement  or  veloc¬ 
ity  hysteresis  cycle  behavior.  Thus,  the  strong  nonlinear  behavior 
of  the  MR  damper  renders  the  linearized  model  nearly  useless  as  a 
simulation  model.  However,  Ccq  is  useful  when  comparing  passive 
hydraulic  or  elastomeric  dampers  to  MR  dampers. 

Four  nonlinear  models — the  Bingham  plastic,  nonlinear  bivis¬ 
cous,  nonlinear  hysteretic  biviscous,  and  nonlinear  viscoelastic  plas¬ 
tic  models — were  proposed  as  the  underlying  model  structure  of  a 
system  identification  procedure  using  experimental  force  vs  dis¬ 
placement  and  force  vs  velocity  hysteresis  cycle  data.  These  four 
models  all  describe  the  force  vs  displacement  hysteresis  cycles  fairly 
well,  but  the  nonlinear  hysteretic  biviscous  and  the  nonlinear  vis¬ 
coelastic  plastic  models  improve  the  reconstruction  of  the  force  vs 
velocity  behavior.  Improvements  to  the  nonlinear  Bingham  plastic 
and  the  nonlinear  biviscous  model  were  made  with  additional  model 
parameters  and  smoothing  functions.  A  key  conclusion  of  this  study 
is  that  the  preyield  behavior  has  a  small  impact  on  the  damping  per¬ 
formance,  but  has  a  large  impact  in  understanding  the  rheological 
behavior  of  the  damper.  For  the  four  models  the  error  in  the  damping 
performance  was  less  than  6%  for  Newtonian  cases  and  less  than 
1.4%  for  applied  field  cases. 

The  nonlinear  hysteretic  biviscous  model  has  an  advantage  over 
the  nonlinear  viscoelastic  plastic  model  in  that  the  parameters  can  be 
estimated  graphically  from  experimental  data  using  linear  or  LMS 
fit  procedures.  Errors  between  the  measured  and  model  equivalent 
viscous  damping  were  below  1%,  whereas  errors  between  the  ex¬ 
perimental  force  and  the  model  force  were  typically  around  6.6%. 
Because  of  the  nonlinear  hysteretic  biviscous  models  ability  to  char¬ 
acterize  damping,  this  model  is  the  most  appropriate  as  a  simulation 
model  for  steady-state  oscillations. 

The  nonlinear  viscoelastic  plastic  (NVEP)  model81415  is  a  piece- 
wise  smooth  version  of  the  nonlinear  hysteretic  biviscous  model, 
which  differs  in  that  it  is  piecewise  smooth  in  velocity.  Force  vs 
displacement  and  velocity  hysteresis  cycles  were  accurately  recon¬ 
structed  using  this  model.  The  energy  dissipation  error  was  far  bet¬ 
ter  for  the  NVEP  model  than  for  any  of  the  other  nonlinear  mod¬ 
els  considered  with  a  typical  error  less  than  0.1%.  The  nonlinear 
viscoelastic  plastic  model  also  outperformed  the  nonlinear  piece- 
wise  continuous  models  when  reconstructing  the  force  vs  velocity 
hysteresis  cycles.  The  average  force  time  history  error  for  the  iden¬ 
tification  data  set  was  4.5%;  this  was  on  average  3%  better  than 
the  nonlinear  hysteretic  biviscous  model  for  higher  field  cases.  The 
difference  between  the  errors  is  even  greater  for  low  field  cases. 

A  prediction  study  was  also  done  using  the  nonlinear  hysteretic 
biviscous  and  the  nonlinear  viscoelastic  plastic  models.  These  two 


models  were  chosen  because  of  their  superior  performance  over  the 
Bingham  plastic  and  nonlinear  biviscous  models  in  reconstructing 
the  force  vs  velocity  hysteresis  cycles.  Predicted  model  parameters 
were  interpolated  using  the  parameters  identified  using  the  identifi¬ 
cation  data  set.  The  values  for  the  parameters  were  interpolated  for 
intermediate  current  and  frequency  values.  Hysteresis  cycles  were 
reconstructed  from  predicted  parameters  and  compared  with  exper¬ 
imental  data  collected  from  the  MR  damper  in  the  validation  data 
set.  Results  of  the  prediction  study  show  that  the  models  performed 
comparably.  Although  prediction  errors  of  equivalent  viscous  damp¬ 
ing  and  force  were  higher  than  those  errors  in  the  identification  set, 
the  errors  are  still  typically  less  than  10%  for  higher  field  cases. 
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The  helicopter  is  one  of  the  most  severe  vibration 
environments  among  aerospace  vehicles,  and  vibra¬ 
tion  damping  is  of  critical  importance  when  enhan¬ 
cing  aeromechanical  stability  and  passenger  comfort. 
The  model  360  rotor  hub  (Figure  1)  illustrates  the 
typical  hub  configuration  of  an  articulated  rotor.  The 
rotor  blade  has  three  degrees  of  freedom:  (1)  pitch,  or 
rotation  about  the  blade’s  longitudinal  axis;  (2)  flap, 


Figure  1  Rotor  hub  of  the  model  360  helicopter.  Courtesy  of 
Boeing  Helicopters  Inc. 


or  out-of-plane  bending;  and  (3)  lag,  or  in-plane 
bending.  The  need  to  augment  damping  is  critical  to 
mitigate  aeromechanical  instabilities,  including  pitch- 
flap,  flag-lag,  and  ground  and  air  resonance.  Pitch- 
flap  flutter  is  a  modal  coalescence  of  blade  flap  and 
torsion  modes.  Flap-lag  flutter  is  an  instability  of 
primarily  the  lag  mode,  with  participation  from  the 
flap  mode.  The  flap  mode  is  heavily  damped  aero- 
dynamically,  whereas  the  lag  mode  is  very  lightly 
damped.  Ground  resonance  is  a  modal  coalescence 
of  the  rotor  lag  mode  with  the  landing  gear  modes  of 
the  helicopter,  while  the  rotor  is  spinning  up  to  its 
operational  rotational  frequency  of  1/rev  (typically  5- 
7.5  Hz).  Air  resonance  is  a  modal  coalescence  of  the 
lag  mode  with  the  rigid  body  modes  of  the  helicopter 
while  it  is  in  high-speed  forward  flight.  The  latter 
three  aeromechanical  instabilities  can  be  mitigated 
via  damping  augmentation,  whereas  pitch-flap  flut¬ 
ter,  as  in  fixed-wing  flutter,  must  be  mitigated  in  rotor 
design:  the  chordwise  center  of  gravity  must  be  kept 
at  or  ahead  of  the  quarter-chord  point  (aerodynamic 
center)  of  the  blade. 

In  advanced  rotor  designs  such  as  bearingless  and 
hingless  rotors,  the  lag  and  flap  hinges,  as  well  as  the 
pitch  bearing,  are  eliminated,  and  a  flexure  or  flex- 
beam  is  introduced.  The  Comanche  helicopter  has 
such  an  advanced  rotor  (Figure  2).  In  conventional 
articulated  rotors,  ground  resonance  is  typically  miti¬ 
gated  using  hydraulic  or  elastomeric  dampers.  Hinge¬ 
less  and  bearingless  rotors  are  designed  to  be  soft  in¬ 
plane  rotors,  which  implies  that  the  lag  mode  or  lag/ 
rev  frequency  is  less  than  the  rotor  rotational  or  1/rev 
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Figure  2  Wind  tunnel  mode!  of  the  Comanche  helicopter  rotor 
hub.  Courtesy  of  Boeing  Helicopters  Inc. 


frequency.  The  rotor  is  soft  in-plane  due  to  stress 
considerations.  As  a  result,  elastomeric  lag  dampers 
are  typically  used  to  mitigate  aeromechanical 
instabilities.  Elastomeric  dampers  have  some  advan¬ 
tages:  first,  they  have  no  moving  parts,  and  second, 
the  leakage  problems  that  are  present  in  hydraulic 
dampers  are  eliminated.  However,  a  key  disadvan¬ 
tage  is  that  elastomeric  damper  behavior  is  nonlinear 
and  highly  dependent  on  frequency,  temperature,  and 
loading  conditions  such  as  preload  and  excitation 
amplitudes. 

Elastomeric  devices  are  added  to  the  rotor  hub  to 
achieve  two  very  different  objectives:  augmentation 
of  flexibility,  and  augmentation  of  lag  mode  damp¬ 
ing.  Laminated  metal-elastomeric  bearings  are  used 
to  increase  the  period  of  vibrations  by  softening,  or 
introducing  flexibility  into,  the  rotor  hub  structures  in 
order  to  isolate  vibrations.  Some  examples  of  these 
type  of  bearings  are  shown  in  Figure  3.  However,  the 
primary  focus  of  this  article  is  to  describe  the  beha¬ 
vior  and  analysis  of  elastomeric  lag  dampers  used  to 
augment  stability  of  helicopter  rotors  with  respect  to 
air  and  ground  resonance. 


Figure  3  (See  Plate  39).  Laminated  metal-elastomeric  bear¬ 
ings  for  isolating  transmission  gear  box  vibrations  in  helicopters. 
Courtesy  of  Paulstra-Vibrachoc. 


pers  were  tested  in  a  l/6th  Froude-scale  rotor  model 
and  it  was  shown  that  the  limit-cycle  instabilities  that 
were  observed  with  elastomeric  dampers  can  be  sub¬ 
stantially  mitigated.  A  comparison  between  elasto¬ 
meric  and  hybrid  fluidic-elastomeric  dampers  shows 
that  the  former  has  stiffness  and  damping  properties 
that  are  nonlinear  functions  of  the  displacement 
amplitude,  whereas  the  latter  exhibits  relatively  con¬ 
stant  properties.  Several  lag  dampers  are  shown  in 
Figure  4. 

The  mechanical  properties  of  lag  mode  dampers 
can  vary  from  one  damper  to  the  next,  so  that  they  are 
carefully  matched  sets  for  a  given  rotor.  Matched  sets 
of  dampers  are  used  to  minimize  the  impact  of  vary¬ 
ing  damper  mechanical  properties  on  rotor  tracking 
conditions.  The  key  to  matching  the  properties  of 
these  dampers  is  to  match  their  linearized  damping 
and  stiffness  properties  as  a  function  of  excitation 
amplitude,  temperature,  and  stiffness.  The  methods 
for  performing  such  a  characterization  will  now  be 
presented. 


Damping  Augmentation 

The  lag  motion  in  helicopter  rotors  occurs  at  two 
frequencies:  the  lead-lag  regressive  frequency  and  the 
1/rev  frequency.  Under  these  conditions,  the  damping 
in  elastomers  has  been  shown  to  degrade  substantially 
at  low  amplitudes,  thus  causing  undesirable  limit 
cycle  oscillations.  In  order  to  circumvent  the  pro¬ 
blems  associated  with  the  elastomeric  dampers, 
hybrid  fluidic-elastomeric  dampers  have  been  used. 
Hybrid  fluidic-elastomeric  dampers  use  elastomers  in 
conjunction  with  fluids.  The  fluid  adds  a  viscous 
component  to  the  energy  dissipation  mechanism  in 
the  dampers.  Moreover,  the  inclusion  of  the  fluid 
expands  the  dynamic  range  of  forces  generated  by 
the  damper.  Hybrid  fluidic-elastomeric  lead-lag  dam- 


Figure  4  (See  Plate  40).  Lead-lag  dampers  are  used  to  aug¬ 
ment  stability  of  helicopter  rotor  blade  in-plane  bending  modes. 
Courtesy  of  Paulstra-Vibrachoc. 


HELICOPTER  DAMPING  631 


Example:  Filled  Elastomer  Lag  Damper 

Rather  than  cataloging  properties  of  various  elasto¬ 
mers  used  in  lag  dampers,  a  primary  objective  of  this 
article  is  to  introduce  how  an  elastomeric  damper 
would  be  tested,  characterized,  and  analyzed  for  use 
on  a  helicopter.  The  primary  goal  of  such  a  testing 
program  is  to  characterize  the  behavior  of  the  damper 
due  to  steady-state  sinusoidal  excitation  at  the  lag/rev 
frequency,  and  to  assess  the  effects  of  the  excitation  at 
the  rotor  or  1/rev  frequency  on  damping  performance 
at  the  lag/rev  frequency.  This  example  is  typical  of 
what  would  be  done  for  elastomeric  dampers,  as  well 
as  for  fluidic,  hybrid  fluidic-elastomeric,  and  control¬ 
lable  fluid-based  dampers. 

Elastomeric  Damper  Testing 

For  our  example,  we  will  present  the  testing  and 
characterization  of  double  lap  shear  specimens  incor¬ 
porating  Paulstra  Industries  material  E136,  which  is  a 
silicone-based  filled  elastomer.  These  specimens  con¬ 
sist  of  tlurete  brass  plates  and  a  10  nm  (0.4  in)  layer  of 
damping  material  applied  symmetrically  across  the 
center  plate. 

One  of  the  important  effects  of  a  filler  on  viscoe¬ 
lastic  material  behavior  is*  stress-softening.  If  a  filled 
sample  is  stretched  for  the  first  time  to  100%  fol¬ 
lowed  by  a  release  in  the  strain  and  then  stretched 
again  to  200%,  there  is  a  softening  in  strain  up  to 
100% ,  after  which  it  continues  in  a  manner  following 
the  first  cycle.  If  this  stress-strain  is  repeated  in  a  third 
cycle,  we  can  again  see  a  softening  up  to  200%  due  to 
the  previous  strain  history.  This  stress-softening  or 
memory  effect  was  first  discovered  by  Mullins,  and  is 
called  the  Mullins  effect.  The  Mullins  effect  was 
taken  into  account  during  these  single-frequency 
tests.  The  material  was  first  subjected  to  300  cycles 
of  sinusoidal  excitation  at  1  Hz  at  5  mm  (200  mil)  of 
amplitude,  which  was  the  maximum  amplitude  in  the 
chosen  test  matrix.  All  subsequent  excitations  were 
below  this  amplitude.  During  a  test  run,  the  material 
would  be  periodically  excited  for  an  amplitude  of 
5  mm  (200  mil)  at  1Hz  frequency  to  reinforce  this 
memory  effect.  This  was  one  of  the  ways  in  which 
consistency  of  results  was  ensured. 

Because  a  viscoelastic  material  undergoes  relaxa¬ 
tion  when  subjected  to  loads,  it  requires  a  certain 
amount  of  time  to  stabilize  and  yield  a  steady  value  of 
force  when  a  constant  displacement  is  applied.  More¬ 
over,  as  an  elastomeric  damper  is  subjected  to 
dynamic  loading,  the  temperature  of  the  damping 
material  increases.  This  self-heating  phenomenon  is 
the  result  of  energy  dissipation  via  hysteresis.  The 
temperature  of  the  specimen  can  increase  signifi¬ 
cantly  in  the  first  30-50  s.  Eventually,  thermal  equili¬ 


brium  is  established  between  the  material,  brass 
plates,  and  the  environment.  Based  on  preliminary 
tests,  we  concluded  that,  for  these  specimens,  the 
dynamic  relaxation,  self-heating,  and  other  unsteady 
effects  require  about  250  s  to  reach  steady  state.  Data 
for  characterization  purposes  were  taken  after  the 
material  properties  had  reached  steady  state. 

The  double  lap  shear  specimens  in  this  example 
were  tested  on  a  5500  lb  MTS  servo-hydraulic  testing 
machine.  A  schematic  diagram  of  the  system  is  shown 
in  Figure  5. 

Two  types  of  excitation  are  typically  studied:  sin¬ 
gle-frequency  sinusoidal  displacement  at  the  lag/rev 
frequency  or  a  single  frequency  test,  and  the  sum  of 
two  sinusoidal  displacements  at  the  lag/rev  and  1/rev 
frequencies  or  a  dual-frequency  test. 

Single-frequency  testing  To  obtain  consistent 
results,  a  sinusoidal  input  was  applied  at  a  given 
amplitude  and  displacement  for  300  s  and  data  were 
collected  at  the  end  of  this  period.  These  single¬ 
frequency  tests  are  typically  conducted  at  the  lag/rev 
frequency,  which  was  nominally  Q^g  «  5.0  Hz  for  this 
example.  Additional  single-frequency  testing  is  some¬ 
times  performed  at  the  rotor  rotational  frequency  or 
1/rev,  which  in  this  case  was  £2i  —  7.5  Hz.  However, 
only  sinusoidal  testing  at  the  lag/rev  frequency  will  be 


^  f(t)~  /&cosQf 


Figure  5  Schematic  of  MTS  servo-hydraulic  material  testing 
system  showing  the  double  lap  shear  specimen. 
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considered.  During  each  test,  we  measured  20  cycles 
of  force  vs  displacement  data  and  then  calculated  the 
force  vs  velocity  hysteresis  cycles  for  each  test  condi¬ 
tion.  The  hysteresis  cycle  force  and  displacement  data 
collected  during  each  experiment  were  acquired  on  a 
PC-based  data  acquisiton  system  and  were  unavoid¬ 
ably  noisy.  However,  the  independent  displacement 
variable  was  sinusoidal,  so  that  a  periodic  Fourier 
series  was  used  to  eliminate,  as  much  as  possible,  the 
effects  of  this  noise  in  the  input  displacement  signal, 
and  the  subsequent  differentiations  to  obtain  the 
input  velocity  and  acceleration  signals.  The  Fourier 
series  expansion  of  the  displacement  was  taken  as: 

X(\  00 

x{t)  =  (xc,k  COS  fcfllag*  +  xSiksmknl3gt)  [1] 

z  *=1 

where: 

2  nt/flbg 

Xc,k  —  ^  J  x(t)  cos  kQi3gtdt  [2] 

0 

2nk  J  fljag 

Xs%k  =  J  x(t)  sin  kQiagt  dt  [3] 

o 

The  bias  and  higher  harmonics  were  then  filtered  out, 
and  only  the  harmonic  at  the  frequency  of  interest, 
Qlag,  was  retained,  so  that  the  displacement  signal 
was  reconstructed  as: 

x(t)  =  XCii  cos  filagr  +  XSjisinf2|ag£  [4] 

Calculating  the  velocity  signal  from  the  displace¬ 
ment  signal  using  a  finite  difference  method  tends  to 
accentuate  any  noise  in  the  displacement  signal.  We 
can  exploit  the  sinusoidal  nature  of  the  input  displa¬ 
cement  signal  by  differentiating  the  Fourier  series 
expansion  from  eqn  [4]  to  obtain: 

x(t)  =  -filagXCiisinQlagt  +  OiagXSii  cos  fiiag*  [5] 

However,  the  force  signal  is  typically  not  filtered 
because  the  damper  response  is  nonlinear  and  it  can¬ 
not  be  determined  a  priori  exactly  which  harmonics 
contributed  to  damper  response  and/or  noise. 
Therefore,  it  is  typical  to  be  conservative,  and  use 
the  measured  (unfiltered)  force  data  in  both  charac¬ 
terization  and  model  parameter  identification  studies. 


Dual-frequency  testing  For  the  dual-frequency 
testing  in  this  example,  the  1/rev  frequency  was 
chosen  as  Qi  =  7.5  Hz  while  the  lag/rev  was  chosen 
as  Diag  =  5  Hz.  In  general,  a  dual-frequency  displace¬ 
ment  signal  has  the  form: 

x{t)  =  XjagSinDjagt  -I-  Xi  sinfli  t  [6] 

The  resulting  signal  contains  the  product  of  two 
harmonics  Di  +  D|ag  and  Qi  —  ftiag.  It  is  periodic 
with  a  period  equal  to  the  frequency  corresponding 
to  the  highest  common  factor  of  these  two  harmonics, 
which  in  this  case  is  Q  =  2.5  Hz.  The  displacement 
signal  was  filtered  by  expanding  as  a  Fourier  series 
expansion  of  many  harmonics,  N,  with  a  base  fre¬ 
quency  of  Q  =  2.5Hz,  or: 

+  ^2  i^cjk  cos  -F  X5|*sin  kOt)  [7] 

2  k=i 

and  setting  the  bias  term,  Xo  —  0.  In  this  example,  the  r 
second  harmonic,  2Q  =  I2iag  =  5  Hz,  and  the  third 
harmonic,  3fi  =  Cli  —  7.5  Hz,  so  that  only  the  first 
three  harmonics  need  to  be  included  in  the  above 
Fourier  series  expansion,  orn  =  3,  and  noise  is  elimi¬ 
nated  from  the  displacement.  The  velocity  in  the  dual¬ 
frequency  case  was  determined  by  differentiating  the 
Fourier  series  expansion  of  the  displacement  signal, 
so  in  general: 

n 

x{t)  =  (~kQXC)kSinkQt  +  &£2X5> *  cos  kClt)  [8] 

*=i 

Again,  in  this  case  study,  n  =  3.  As  in  the  single¬ 
frequency  case,  the  force  signal  is  not  filtered  because 
the  damper  response  is  nonlinear.  The  measured  (un¬ 
filtered)  force  data  are  used  directly  in  both  the  dual¬ 
frequency  characterization  and  model  parameter 
identification  studies. 

Damper  Characterization:  Single-frequency 

Two  common  approaches  are  described  for  a  linear 
characterization  of  the  damper  behavior.  First,  the 
equivalent  spring  stiffness  and  equivalent  viscous 
damping  approach  is  presented.  This  is  based  on 
first  characterizing  the  damping  force  based  on 
force  vs  displacement  data.  The  damping  force  is 
subtracted  from  the  measured  damper  force  to  obtain 
a  residual  force  signal,  that  is  used  to  characterize  the 
residual  spring  behavior.  The  second  approach  is  the 
calculation  of  the  complex  modulus,  X*,  in  which  a 
Fourier  analysis  is  used  to  characterize  the  in-phase 
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force  or  spring  force,  and  the  quadrature  force  or 
damper  force,  and  hence  the  complex  modulus. 

Typical  data  used  for  such  a  characterization  study 
are  shown  in  Figure  6,  for  sinusoidal  excitation  at 
Sl\ ag  =5  Hz,  a  10%  preload,  for  a  range  of  ampli¬ 
tudes.  The  steady-state  hysteresis  cycle  data  are  taken 
after  stabilization  of  the  material  for  a  duration  of 
300  cycles  at  1  Hz  and  5  mm  (200  mil)  of  sinusoidal 
excitation. 

Equivalent  spring  stiffness  and  viscous  damping  The 
first  characterization  technique  is  that  of  equivalent 
spring  stiffness  and  equivalent  viscous  damping.  This 
is  a  standard  linearization  technique  that  can  be 
applied  to  a  nonlinear  damper  such  as  this  elasto¬ 
meric  damper.  Here,  the  damper  restoring  force,  f(t ), 
is  the  sum  of  an  equivalent  spring  or  elastic  stiffness 
force  proportional  to  displacement,  fs(t ),  and  an 
equivalent  viscous  damping  force  proportional  to 
velocity,  fd(t): 


2  Tr/Ofcg 

E  =  ^F(t)dx  =  J  F(t)v(t)  dt 


[11] 


and  equating  the  dissipated  energy  of  the  nonlinear 
device  to  that  of  an  equivalent  viscous  damper: 


Ceq  nQurX2 


[12] 


m=fs(t)+m 


[91 


where  £1^  is  the  sinusoidal  lag/rev  test  frequency,  and 
Xiag  is  its  amplitude.  The  energy  dissipated  over  one 
cycle  is  computed  using  a  numerical  intregration 
technique  such  as  the  trapezoidal  rule.  In  Figure  7, 
the  hysteresis  cycle  is  shown  as  the  result  of  a 
sinusoidal  input  having  nominal  amplitude  of 
Xug  =  5  mm  (200  mil)  and  frequency  of 
fllag  =  5 Hz.  The  damping  force,  fd{t),  calculated  as 
above,  is  plotted  in  Figure  7  as  a  flat  ellipse.  The 
difference  between  the  total  force  and  the  damping 
force  is  the  elastic  stiffness  force,  or:  - 


where: 


m=m-m 


[13] 


fs(t)  —  Keqx(t) 

fd(t)  =  Ceqx(t)  1  J 

where  x(t)  and  x(t)  are  the  damper  displacement  and 
velocity,  respectively.  Here  Ktq  is  the  equivalent 
spring  stiffness,  and  Ceq  is  the  equivalent  viscous 
damping.  The  equivalent  viscous  damping,  Q:qj  is 
computed  by  equating  the  energy  dissipated  over  a 
cycle,  £,  at  frequency  Q]ag  using: 


This  residual  spring  force  is  shown  in  Figure  7,  and  is 
characteristic  of  a  nonlinear  stiffening  spring,  or: 

fs(t)  =  K1x(t)  +  K3x3(t)  [14] 

The  parameters  K\  and  K3  are  determined  using  a 
least  mean  squared  error  parameter  optimization 
technique.  The  cost  function  J  to  be  minimized  in 
this  procedure  is  expressed  by: 


Figure  6  Hysteresis  cycles  for  the  double  lap  shear  specimens  Figure  7  Contributions  of  the  viscous  damping  force,  and  the 
at  the  lag/rev  (fi,ag  =  5  Hz)  frequency  and  1 0%  preload.  elastic  stiffness  force  to  the  total  force. 
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}(Kt,K3)  =  ]T  (fsJ  -  KlXi  -  K3xj)2  [15] 
1=1 

where  m  is  the  number  of  datapoints  taken  over  one 
period.  Because  the  force  and  displacement  data  are 
sampled  data  with  sampling  period  A f,  we  define 
x i  =  x(iAt),  and  fSy  *•  =  The  two  necessary  con¬ 

ditions  that  must  be  satisfied  are: 

.  wr0  “d  <fr°  1161 

resulting  in  a  solution  of: 

K,=i(2,25-2224)  [17] 

JC3=i(2223-2,24)  [18] 

where: 


evidenced  by  the  substantial  decrease  in  these  quan¬ 
tities  as  amplitude  increases.  The  rate  of  change  of 
equivalent  stiffness  and  damping  with  amplitude  is 
very  large  up  to  Xiag  =  2mm,  and  becomes  much 
more  gradual  for  amplitudes  Xiag>2mm.  In  addi¬ 
tion,  comparing  zero  preload  and  10%  preload  con¬ 
ditions  at  room  temperature,  the  addition  of  preload 
tends  to  increase  the  equivalent  stiffness  and  damping 
over  the  entire  amplitude  range.  This  effect  is  due  to 
the  compressive  preload  increasing  the  friction 
response  of  the  filler  in  the  elastomer.  Comparing 
the  preloaded  cases  at  room  temperature  and  at  50°C, 
an  increase  in  temperature  tends  to  decrease  the 
equivalent  stiffness  and  damping.  This  is  a  manifesta¬ 
tion  of  the  so-called  softening  effect  as  temperature  is 
increased. 

Complex  stiffness  A  second  approach  is  to  charac¬ 
terize  the  complex  damper  stiffness,  X *,  as  the  in- 
phase  or  storage  stiffness,  X',  and  quadrature  or  loss 
stiffness,  X",  so  that: 


m 


2,  =  J2fs,iXi 

1=1 

[19] 

22  =  '£fs,ixf 

i=l 

[20] 

m 

23  =E*? 

i=l 

[21] 

m 

24  =  X>,4 

1=1 

[22] 

m 

2s  =  X>? 

1=1 

[23] 

A  =  2325  —  2^ 

[24] 

The  equivalent  stiffness  is  then  given  by  the  formula: 

Keq  =  Ki+^K3Xig  [25] 

We  calculated  the  equivalent  stiffness  (Figure  8) 
and  viscous  damping  (Figure  9)  versus  amplitude  of 
sinusoidal  excitation,  ranging  from  0.2  to  5  mm, 
using  the  above  methods  for  the  single  frequency 
force  vs  displacement  hysteresis  cycle  data.  Clearly, 
both  the  equivalent  stiffness  and  damping  are 
strongly  dependent  on  amplitude  of  excitation,  as 


K*  =  K'  +  jK"  =  K'(l  +  jtj)  [26] 

where  tj  is  the  loss  factor.  This  is  a  common  approach 
in  the  characterization  of  elastomeric  dampers. 
Alternatively,  is  the  effective  or  equivalent  stiffness, 
while  K" /Cl  is  related  to  the  equivalent  viscous  damp¬ 
ing  of  the  damper.  To  determine  the  damper  force: 

f{t)  =  Fc  cos  Cll3&t  +  Fssinfijagt 

v,  ,  .  K"  ...  [27] 


Figure  8  Single-frequency  damper  characterization  of  the 
equivalent  elastic  stiffness  at  0|ag  =  5  Hz.  Circles,  preloaded; 
squares,  zero  preload;  diamonds,  zero  preload  at  50°C;  trian¬ 
gles,  preloaded  at  50°C. 
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Figure  9  Single-frequency  damper  characterization  of  the 
equivalent  viscous  damping  at  Diag  =  5Hz.  Circles,  preloaded; 
squares,  zero  preload;  diamonds,  zero  preload  at  50  °C;  trian¬ 
gles,  preloaded  at  50  °C. 
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Figure  10  Single-frequency  damper  characterization  of  the 
stiffness  at  Otag=5Hz.  Circles,  preloaded;  squares,  zero  pre¬ 
load;  triangles,  zero  preload  at  50  °C;  diamonds,  preloaded  at 
50  °C. 


Here  Fc  and  Fs  are  the  cosine  and  sine  Fourier  coeffi¬ 
cients  of  f(t)  at  frequency  £2iag.  We  assume  that  the 
displacement  is  sinusoidal: 


x(£)  =  Xc  cos  Qjag*  +  XssinOiag^  [28] 

where  Xc  and  Xs  are  the  cosine  and  sine  Fourier 
coefficients  of  x(t)  at  frequency  fi^g.  Substituting 
x(t )  into  the  force  equation  and  equating  the  sine 
and  cosine  terms  yields  the  in-phase  and  quadrature 
stiffnesses  as: 


K! 

K" 


FCXC  +  FSXS 
X|  +  Xf 


FCXS  -  FSXC 


[29] 


In  general,  this  calculation  would  be  performed  for  a 
sweep  in  the  oscillation  frequency,  ft,  which  included 
f2iag  in  its  range.  In  our  case,  we  are  examining  only  a 
single  harmonic  excitation  at  f2iag.  The  quadrature 
stiffness  of  the  damper  is  related  to  the  equivalent 
viscous  damping  in  an  approximate  way  by: 


^lag 


[30] 


The  relation  is  approximate  because  the  complex 
stiffness  considers  only  the  harmonic  at  frequency 

^lag- 

The  results  of  this  linear  characterization  are 
shown  in  Figures  10-12.  Clearly,  both  the  in-phase 
stiffness  and  quadrature  stiffness  (damping)  are 


Displacement  Amplitude  (mm) 

Figure  11  Single-frequency  damper  characterization  of  the 
damping  at  Dtag=5Hz.  Circles,  preloaded;  squares,  zero  pre¬ 
load;  triangles,  zero  preload  at  50  °C;  diamonds,  preloaded  at 
50  °C. 


strongly  dependent  on  amplitude  of  excitation. 
Again,  the  rate  of  change  of  these  quantities  with 
amplitude  is  very  large  up  to  Xjag  =  2  mm,  and 
becomes  much  more  gradual  for  amplitudes 
Xiag>2mm.  In  addition,  comparing  zero  preload 
and  10%  preload  conditions  at  room  temperature, 
the  addition  of  preload  tends  to  increase  the  complex 
modulus  over  the  entire  amplitude  range,  which  is 
again  because  the  compressive  preload  increases  the 
friction  response  of  the  filler  in  the  elastomer.  The 
softening  effect  as  temperature  is  increased  can  be 
observed  by  comparing  the  preload  cases  at  room 
temperature  and  50°C.  This  comparison  shows  that 
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Figure  13  Schematic  of  the  mechanisms-based  stiffness-vise- 
osity-elasto-slide  analysis  for  the  elastomeric  damper. 


Figure  12  Single-frequency  damper  characterization  of  the 
loss  factor  at  Ojag  »  5  Hz.  Circles,  preloaded;  squares,  zero  pre¬ 
load;  diamonds,  zero  preload  at  60  °C;  triangles,  preloaded  at 
50  °C. 


an  increase  in  temperature  tends  to  decrease  the 
complex  modulus:  A  final  useful  comparison  comes 
from  the  loss  factor,  which  is  the  ratio  of  the  quad¬ 
rature  stiffness  to  the  in-phase  stiffness,  or: 

Kn 

*  =  F  [31] 

The  loss  factor,  is  a  measure  of  the  damping  level 
relative  to  the  stiffness,  and  it  is  desirable  to  have  a 
high  loss  factor  over  a  large  amplitude  range.  The 
maximum  value  of  the  loss  factor  for  this  filled  elas¬ 
tomer  is  as  high  as  1.025  for  this  material,  which  is 
much  higher  than  the  loss  factor  for  elastomers  used 
in  existing  dampers,  which  typically  range  from  0.4  to 
0.8.  A  second  observation  is  that  the  loss  factor  has  its 
maximum  effectiveness  over  a  small  amplitude  range 
centered  about  an  amplitude  of  1  mm  or,  nominally, 
10%  shear  strain,  which  is  defined  as  the  amplitude 
(Xiag  —  1  mm)  over  the  specimen  thickness  (10  mm  or 
0.4 in).  These  trends  are  fairly  typical  of  elastomeric 
materials. 

Single-frequency  Hysteresis  Modeling 

The  single-frequency  force  vs  displacement  hysteresis 
cycle  data  of  these  double  lap  shear  specimens  can 
be  modeled  using  a  mechanisms-based  modeling 
approach.  Figure  13  shows  a  schematic  of  the 
mechanical  stiffness-viscosity-elasto-slide  (SVES) 
model  used  for  the  elastomers.  The  model  consists 
of  three  elements:  (1)  a  linear  stiffness;  (2)  a  nonlinear 
elasto-slip  or  triboelastic  element  that  models  the 
rate-independent  part  of  the  hysteresis  behavior; 


and  (3)  a  linear  viscous  damping  that  characterizes 
the  rate-dependent  hysteresis  behavior.  The  model 
includes  various  physical  aspects  seen  in  elastomer 
hysteresis  behavior,  such  as:  (1)  strong  amplitude 
dependence  of  linearized  coefficients;  (2)  linear  beha¬ 
vior  at  low  amplitudes;  (3)  mild  frequency  depen¬ 
dence;  (4)  deviation  in  hysteresis  behavior  from  the 
linearized  elliptical  behavior  near  the  zero-velocity 
points  of  the  hysteresis  cycle;  and  (5)  presence  of  a 
rate-dependent  and  rate-independent  part.  The  SVES 
model  is  typical  of  the  class  of  elastomeric  mechan¬ 
isms-based  models,  in  that  it  contains  a  Kelvin  chain 
element  (a  spring  and  damper  in  parallel)  and  a 
triboelastic  element  (an  elasto-slide  element). 

Figure  14  shows  the  effect  of  each  of  these  mechan¬ 
isms  on  the  hysteresis  cycles  of  the  dampers.  The 
nonlinear  elasto-slip  element  accounts  for  the  almost 
vertical  drop  in  force  near  the  zero-velocity  region.  It 
is  modeled  as  a  combination  of  a  spring  and  Coulomb 
force.  The  slip  element,  which  represents  the  friction 
components  of  the  model,  will  be  modeled  such  that 
its  parameters  are  independent  of  both  amplitude  and 
frequency.  The  linear  stiffness  parameter  must  be 
modeled  such  that  it  is  amplitude-dependent  but 
frequency-independent.  The  linear  viscous  damping 
parameter  must  be  modeled  such  that  it  is  dependent 
on  both  the  amplitude  and  frequency. 

The  linear  stiffness  and  linear  dashpot  parameters 
give  the  necessary  slope  and  area  to  the  force  vs 
displacement  hysteresis  cycle  shape.  The  elasto-slide 
element  represents  a  stiffness  in  the  region  where  the 
velocity  of  the  damper  changes  its  sign  and  the  dis¬ 
placement  is  less  than  a  certain  value  2XS  from  the 
maximum  amplitude.  In  the  remaining  portion  of  the 
hysteresis  cycle,  the  elasto-slide  element  is  equivalent 
to  a  Coulomb  element.  Two  parameters  are  required 
to  characterize  the  elasto-slide  element  completely. 
The  linear  stiffness  and  linear  viscous  damping 
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Figure  14  Mechanisms  of  the  stiffness-viscosity-elasto-slide 
analysis  and  their  influence  on  the  shape  of  the  force  vs  displa¬ 
cement  hysteresis  cycle.  (A)  Stiffness  element;  (B)  damping  ele¬ 
ment;  (C)  elasto-slide  element  (Lazan,  1968). 


The  elasto-slide  element  has  four  branches  as  below: 

f  -N  x  =  -x  x  =  0 

I  -N  +  K2(x  +  r)  x  <  -x  +  2XS  x  >  0 

x  >  -X  +  2XS  X  >  0  f  ^ 
x  =  x  x  =  0  1  ^ 
x  >  x  -  2XS  x  <0 
x  <  x  -  2XS  x  <  0 

where  x  is  the  amplitude  over  the  cycle,  and  the  slide 
force  is  given  by: 


fes={ 


N 

N 

N  +  K2(x-x) 
-N 


N  =  K2Xs  [36] 

The  parameters  N  and  K2  of  the  elasto-slide  ele¬ 
ment  can  be  chosen  a  priori  by  careful  observation  of 
the  force  vs  displacement  hysteresis  cycles.  It  was 
observed  that,  in  the  zero  preload  case,  the  value  of 
the  drop  in  force  at  maximum  displacement  was 
approximately  71.2  N.  Hence,  the  Coulomb  force 
corresponding  to  N  was  chosen  to  be  35.6  N.  The 
stiffness  K2  was  also  fixed  at  280.2  Nmm"1.  Hence, 
the  elasto-slide  mechanism  represents  a  Coulomb 
force  of  35.6  N  in  parallel  with  a  stiffness  until  the 
magnitude  of  the  stiffening  force  becomes  35.6  N, 
but  represents  a  Coulomb  force  of  71.2  N  otherwise. 
This  element  is  constant  with  respect  to  changing 
amplitude. 

The  remaining  unknown  parameters,  Ki  and  C,  are 
estimated  on  the  basis  of  minimizing  the  error 
between  the  predicted  force,  f>  and  the  measured 
force,  f9  obtained  from  experiments.  The  parameters 
of  the  model  are  obtained  from  a  constrained  mini¬ 
mization  of  the  objective  function,  /,  given  by: 


elements  each  require  one  parameter  for  complete 
characterization.  Thus,  the  SVES  model  is  a  four- 
parameter  model.  Having  established  the  model 
structure  and  model  components,  the  parameters  in 
the  model  need  to  be  identified.  The  predicted  force 
from  the  model  is  given  by: 

m=fs{t)+m+ut)  [32] 

where  fs{t ),  fa(t)  and  f^t)  are  the  forces  in  the 
stiffness,  viscous  dashpot,  and  elasto-slide  element 
at  any  time,  t .  The  stiffness  and  damping  forces  are 
as  below: 

fs(t)  =  KlX(t)  [33] 

[34] 


KKuQ  =  f^\f{tk)-f(tk)}2  [37] 

k=l 

where  m  is  the  number  of  data  points  for  each  hyster¬ 
esis  cycle.  A  constrained  minimization  was  performed 
using  design  optimization  tools  (DOT),  which  uses 
the  Broyden-Fletcher-Goldfarb-Shanno  algorithm  to 
minimize  the  above  objective  function  in  eqn  [37].  To 
obtain  physically  meaningful  results  with  this  techni¬ 
que,  the  identified  parameters  are  constrained  to  have 
positive  values:  K\  >  0,  and  C  >  0.  The  parameters 
Kx  and  C  were  identified  at  each  amplitude  at  the  lag/ 
rev  frequency.  The  identified  parameters  are  plotted 
versus  amplitude  in  Figure  15. 

Using  the  parameters  estimated  from  the  identifica¬ 
tion  process,  the  force  vs  displacement  hysteresis 
cycles  were  reconstructed.  Figure  16  shows  the  recon¬ 
structed  hysteresis  cycles  for  five  different  amplitudes 
at  the  lag/rev  (5  Hz)  frequency.  The  plots  show  that 


fd(t)  =  Cx(t) 
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Figure  15  Identified  stiffness  and  damping  of  the  SVES  model, 
assuming  amplitude-independent  elasto-slide  element  para¬ 
meters,  /V=35.6N,  and  K2  —  280.2  N  mm  “ 1.  (A)  Stiffness  para¬ 
meter,  Ki ;  (B)  damping  parameter,  C. 


the  model  accurately  captures  the  hysteresis  behavior 
of  the  damper. 

Dual-frequency  Characterization 

In  addition  to  testing  the  dampers  at  the  lag/rev 
frequency,  experiments  are  typically  conducted  at 
dual  frequencies  of  the  lag/rev  (5  Hz)  frequency  and 
the  1/rev  (7.5  Hz)  rotor  frequency.  These  tests  are 
intended  to  assess  the  potential  loss  of  damping  at  the 
lag/rev  frequency  due  to  dual-frequency  motion.  In 
this  section,  such  a  dual-frequency  test  is  described, 
and  typical  test  results  are  presented  for  the  filled 
elastomer  of  our  case  study. 

The  dual  frequency  tests  in  our  case  study  were 
carried  out  on  an  MTS  servo-hydraulic  testing 
machine  with  a  digital  control  system.  The  range  of 
lag/rev  amplitudes  is  the  same  as  for  the  single-fre¬ 
quency  tests,  that  is,  0.25-5  mm  (10-200  mil)  in 
increments  of  0.254  mm  (10  mil).  The  1/rev  ampli¬ 
tudes  tested  were  0,  0.508, 1.524,  2.54  and  3.55  mm 
(0,  20,  60,  100  and  140  mil).  An  HP  8904A  multi¬ 
function  synthesizer  was  used  to  generate  and  sum  the 
sinusoidal  signals  with  the  two  individual  frequen¬ 
cies.  A  function  generator  was  used  to  have  as  accu¬ 
rate  as  possible  the  desired  dual-frequency  sinusoidal 
excitations.  The  force  input  and  the  displacement 
response  were  measured  using  the  load  cell  and 
LVDT  of  the  MTS  machine,  respectively,  as  in  the 
single-frequency  characterization  tests. 

To  characterize  the  dampers  under  dual-frequency 
excitation  conditions,  the  components  of  the  complex 
stiffness  K*  —  Kf  +  jK"  were  determined  at  the  lag/rev 
frequency.  Hie  stiffness,  Kf,  and  damping  fC"  at  the 


Figure  17  Dual-frequency  damper  characterization  of  stiffness 
Figure  16  Validation  of  the  mechanisms-based  model  at  5  Hz  at  lag/rev = 5  Hz  and  1/rev  =  7.5  Hz.  Amplitudes  @  7.5  Hz:  Aster- 
for  different  amplitudes.  Continuous  line,  model;  dashed  line,  isks,  0  mm;  circles,  0.508  mm  (20  mil);  squares,  1.524  mm 
experiment.  (60  mil);  stars,  2.54  mm  (100  mil);  diamonds,  3.556  mm  (140  mil). 
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Figure  18  Dual-frequency  damper  characterization  of  the 
damping  at  lag/rev  =  5  Hz  and  1 /rev =7.5  Hz.  Amplitudes  @ 
7.5  Hz:  Asterisks,  Omm;  circles,  0.508  mm  (20  mil);  squares, 
1.524  mm  (60  mil);  stars,  2.54  mm  (100  mil);  diamonds, 
3.556  mm  (140  mil). 

lag/rev  (5  Hz)  frequency,  shown  in  Figures  17  and  18, 
decrease  as  the  1/rev  (7.5  Hz)  amplitude  increases. 
When  the  1/rev  (7.5  Hz)  amplitude  is  0.508  mm 
(20  mil),  the  reduction  in  stiffness  and  damping 
values  is  almost  50%  compared  to  the  single-fre¬ 
quency  excitation  at  low  5  Hz  amplitudes.  The  per¬ 
centage  reduction  in  these  values  gradually  reduces 
with  increasing  amplitude  of  lag/rev  (5  Hz)  excitation 
and  is  not  very  significant  (less  than  10%)  at  high  lag/ 
rev  (5  Hz)  amplitudes.  When  the  1/rev  (7.5  Hz)  ampli¬ 
tude  is  2.54  mm  (100  mil),  the  stiffness  and  damping 
values  at  low  lag/rev  (5  Hz)  amplitudes  reduce  by 
almost  80%  and  do  not  change  substantially  as  the 
amplitude  of  5  Hz  excitation  increases.  Thus,  it  is 
clear  that  the  1/rev  (7.5  Hz)  excitation  exerts  a  sig¬ 
nificant  influence  on  the  low-amplitude  response  at 
lag/rev  (5  Hz).  The  elastomeric  damper  behavior 
exhibits  strong  nonlinearities  and  the  nonlinearities 
degrade  the  performance  of  the  damper.  These  effects 
of  dual-frequency  excitation  are  similar  to  the  effects 
observed  in  other  elastomeric  damper  studies. 

Dual-frequency  Hysteresis  Modeling 

To  determine  the  dual  frequency  parameters,  the  £2iag 
(5  Hz)  and  Qi/rev  (7.5  Hz)  for  each  of  the  single 
frequency  model  parameters  are  used.  First  10th 
order  polynomials  were  used  to  fit  the  behavior  of 
the  linear  damping  and  stiffness  with  respect  to 
amplitude. 

Once  there  are  polynomials  for  both  parameters  at 
both  the  Qfcg  (5  Hz)  and  £2i/rev  (7.5  Hz)  frequencies, 
the  polynomials  are  used  to  determine  the  parameter 
values  for  each  frequency  at  the  maximum  displace¬ 


ment  for  the  dual  frequency  test  case.  This  value  will 
be  less  than  sum  of  the  two  amplitudes.  This  is  due  to 
the  testing  machine  and  its  inability  to  match  the 
desired  amplitude  of  the  input  signal.  This  problem 
was  present  for  the  single  frequency  testing,  but 
becomes  more  apparent  in  the  dual  frequency  testing. 
The  problem  is  most  visible  for  larger  amplitude 
excitations,  in  dual  frequency  testing  the  sum  of  the 
desired  amplitudes  is  large  enough  that  the  machine 
was  unable  to  match  the  desired  output. 

Using  the  single  frequency  polynomial  fits,  preli¬ 
minary  dual  frequency  parameters  are  calculated  by 
revaluating  the  parameter  curve  at  the  maximum 
displacement  of  the  dual  frequency  test.  In  order  to 
calculate  the  dual  frequency  value  for  each  parameter 
the  values  are  scaled  according  to  the  amplitude  for 
each  frequency  with  respect  to  the  maximum  displa¬ 
cement  for  each  test  case.  The  equation  used  to 
determine  the  scaling  for  the  damping  and  stiffness 
parameters  can  generally  be  written  as 

C=C(5Hz,X)^^-  +  C(7.5Hz,X)^ip^ 

A 

The  dual-frequency  correlation  results  for  two 
dual-frequency  excitation  conditions  are  shown  in 
Figures  19  and  20.  Thus,  the  single-frequency  model 
can  be  used  to  predict  dual-frequency  behavior. 

Summary  of  Example 

This  example  was  presented  describing  how  an  elas¬ 
tomeric  helicopter  lag  damper  would  be  charac¬ 
terized  and  modeled  using  a  mechanisms-based 
approach.  The  typical  procedures  used  to  character- 


Figure  19  Dual-frequency  damper  analysis  for  1/rev  amplitude 
of  2.54  mm  (100  mil)  and  lag/rev  amplitude  of  1mm  (40  mil). 
Continuous  line,  model;  dashed  line,  experimental. 
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Figure  20  Dual-frequency  damper  analysis  for  1/rev  amplitude 
of  2.54  mm  (100  mil)  and  lag/rev  amplitude  of  2.54  mm  (100  mil). 
Continuous  line,  model;  dashed  line,  experimental. 


ize  the  steady-state  behavior  of  elastomeric  dampers 
under  sinusoidal  loading  were  described,  including: 
(1)  equivalent  stiffness  and  equivalent  viscous  damp¬ 
ing,  and  (2)  complex  stiffness  and  loss  factor.  The 
results  of  this  linear  characterization  illustrated  the 
amplitude-dependent  nature  of  the  linearized  stiffness 
and  damping.  Additional  effects  of  thermal  softening, 
due  to  rising  temperature,  hardening  due  to  lowering 
of  temperature,  and  increases  in  stiffness  and  damp¬ 
ing  due  to  preload  were  illustrated  using  the  linear 
stiffness  and  damping.  A  key  component  in  the  under¬ 
standing  of  elastomeric  helicopter  lag  dampers  is  the 
analysis  of  steady-state  force  response  due  to  a  sinu¬ 
soidal  displacement.  A  mechanisms-based  tribo-vis- 
coelastic  analysis  was  outlined,  specifically,  the  SVES 
analysis.  Single-frequency  (sinusoidal  displacement  at 
the  lag  mode  frequency)  and  dual-frequency  (sum  of 
sinusoidal  displacements  at  the  lag  mode  frequency 
and  the  rotor  rotational  frequency)  were  analyzed. 
The  SVES  model  worked  well  in  predicting  the  beha¬ 
vior  of  the  damper  due  to  these  classes  of  input 
displacement  excitations. 

Advanced  Damper  Concepts 

New  damping  technologies  are  under  development 
for  application  to  the  helicopter  lag  damping  pro¬ 
blem.  Originally,  hydraulic  dampers  were  used  to 
mitigate  aeromechanical  instabilities,  where  the  dam¬ 
per  force  is  proportional  to  the  shaft  velocity  of  the 
damper.  However,  these  hydraulic  dampers  were 
prone  to  leakage  problems.  Because  elastomeric  dam¬ 
pers  do  not  have  comparable  leakage  problems,  they 
were  subsequently  advocated  for  this  application. 
The  main  problem,  as  described  above,  is  that  elas¬ 


tomeric  damper  properties  are  strongly  dependent  on 
amplitude  and  temperature.  The  linearized  damping 
and  stiffness  of  the  elastomeric  damper  reduce  sub¬ 
stantially  as  amplitude  is  increased,  or  as  temperature 
increases  and  the  elastomer  softens. 

To  reduce  the  impact  of  these  amplitude-dependent 
damping  and  stiffness  nonlinearities,  hybrid  fluid- 
elastomeric  dampers  have  been  proposed.  The  fluid 
which  is  passive,  is  used  to  linearize  the  damping  and 
stiffness  of  the  lag  damper.  As  a  result,  the  force  vs 
displacement  hysteresis  cycles  of  these  dampers  are 
more  linear,  or  elliptical  in  shape,  as  demonstrated  for 
the  Comanche  model-scale  wind  tunnel  damper 
(Figure  21).  Using  the  same  characterization  methods 
described  above,  the  equivalent  viscous  damping, 
CCq?  has  been  shown  to  be  nearly  constant  as  a 
function  of  excitation  amplitude  (Figure  22). 

Another  innovative  concept  is  the  introduction  of 
adaptive  or  controllable  fluids  into  lag  dampers. 
Controllable  fluids  consist  of  a  powder  or  particles 
dispersed  in  a  carrier  fluid.  These  fluids  change  their 
properties  as  electric  field,  as  in  electrorheological 
(ER)  fluids,  and  magnetic  field,  as  in  magnetorheolo- 
gical  (MR)  fluids,  is  applied.  This  property  change  is 
manifested  as  a  change  in  yield  stress  of  the  fluid,  with 
a  minimal  change  in  plastic  viscosity.  This  change  in 
yield  stress  arises  because  the  particles  in  the  carrier 
fluid  form  chains,  and  resist  shear  stresses.  The  yield 
stress  is  the  point  in  the  shear  stress  versus  shear  rate 
behavior  where  the  particle  chains  break  or  yield. 
This  property  of  field-dependent  yield  stress  can  be 
exploited  in  the  development  of  adaptive  dampers. 


Displacement  (mm) 


Figure  21  Force  vs  displacement  hysteresis  cycles  of  an  elas¬ 
tomeric  damper  can  be  linearized  via  the  addition  of  fluidic 
damping.  Continuous  line,  model;  dashed  line,  experiment. 
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Figure  22  Linearized  equivalent  viscous  damping  constants 
for  a  pair  of  Comanche  model-scale  wind  tunnel  dampers  under 
single-frequency  excitation  of  the  lag  mode  (in  this  case,  1 0  Hz). 
The  MR  on  condition  is  comparable  to  a  passive  fluidic-elasto¬ 
meric  damper.  The  MR  off  condition  has  low  damping.  Circles, 
fluidlastic-zero  preload;  squares,  fluidlastic-preloaded;  dia¬ 
monds,  MR  (ofl)-zero  preload;  triangles,  MR  (off)-preloaded;  in¬ 
verted  triangles,  MR  (on)-zero  preload;  squares,  MR  (on)- 
preloaded. 


by  increasing  the  damping  as  temperature  increases 
using  an  MR  fluid-based  damping  component.  Thus, 
controllable  fluid  dampers  are  attractive  choices  for 
augmenting  lag  mode  damping  in  helicopter  rotor 
systems. 


See  Plates  39,  40. 

See  also:  Active  control  of  vehicle  vibration:  Damping 
materials;  Damping  mounts. 


Nomenclature 

ceq  equivalent  viscous  damping 

f  measured  force 

f  predicted  force 

f(t)  damper  restoring  force 

K*  damper  stiffness 

K'  storage  stiffness 

K”  loss  stiffness 

Kcq  equivalent  spring  stiffness 

x(t)  damper  displacement 

A(t)  sampling  period 


To  illustrate  this,  hybrid  elastomeric  MR  lag  dampers 
were  fabricated  for  the  Comanche  wind  tunnel 
model.  The  MR  effect  could  be  turned  on  and  off  in 
these  dampers.  The  equivalent  viscous  damping  for 
the  MR  on  condition  (Figure  22)  is  comparable  to  the 
fluidic-elastomeric  case,  however,  the  MR  off  condi¬ 
tion  has  significandy  reduced  damping.  This  effect 
can  have  some  interesting  benefits. 

Dampers  must  be  matched  sets  for  a  given  rotor  so 
that  it  is  balanced.  However,  due  to  manufacturing 
variations,  dampers  must  be  carefully  matched,  so 
that  many  dampers  must  be  manufactured  to  achieve 
this  matching  of  damper  properties;  that  is,  the 
properties  of  each  damper  are  selected  to  be  the 
same.  Therefore,  a  damper  that  could  adapt  its 
properties  to  a  fixed  mechanical  property  specifica¬ 
tion  would  be  of  tremendous  benefit.  Damping 
augmentation  is  required  only  in  certain  flight 
regimes,  which  highlights  the  need  for  damping 
strategies  that  can  be  tailored  to  specific  flight  con¬ 
ditions.  For  example,  when  the  helicopter  is  on  the 
ground,  and  the  rotor  is  spooling  up  to  its  opera¬ 
tional  rotational  frequency  of  1/rev,  there  are  critical 
frequency  ranges  where  the  rotor  can  be  marginally 
stable.  Augmenting  damping  over  these  critical  fre¬ 
quency  ranges  would  be  of  benefit  in  increasing 
stability  of  the  helicopter  rotor.  Also,  the  tempera¬ 
ture-softening  effect  of  elastomers  can  be  mitigated 
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Introduction 

The  Hilbert  transform  (HT),  as  a  kind  of  integral 
transformation,  plays  a  significant  role  in  vibration 
signal  processing.  There  are  two  common  ways  it  can 
be  used.  First,  the  HT  provides  a  direct  examination 
of  a  vibration’s  instantaneous  attributes:  frequency, 
phase,  and  amplitude.  It  allows  rather  complex  sys¬ 
tems  to  be  analyzed  in  the  time  domain.  Second,  the 
HT  can  find  a  system’s  real  part  of  transfer  function 
from  the  system’s  imaginary  part  and  vice  versa.  This 
allows  systems  to  be  analyzed  in  the  frequency 
domain.  The  HT  can  be  used  as  an  intermediate 
step  in  more  elaborate  system  analysis.  In  addition 
to  frequency  response  function  analysis,  it  is  useful 
for  hysteretic  damping  characterizing  and  nonlinear 
system  identification. 

In  the  field  of  signal  processing,  the  HT  has  also 
stimulated  some  progress.  The  classic  example  of  this 
is  signal  demodulation,  and  also  signal  decomposi¬ 
tion.  Today  the  HT  is  taken  as  a  standard  procedure 
and  has  long  been  used  widely  in  signal  processing. 

The  Hilbert*  transformation  was  first  introduced 
to  signal  theory  by  Denis  Gabor.  He  defined  a  gen¬ 
eralization  of  the  well-known  Euler  formula 
e*2  =  cos(z)  +  isin(z)  in  the  form  of  the  complex 
function  Y  =  u(t)  4-  w(t)9  where  v(t)  is  the  HT  of 
u(t).  In  signal  processing,  when  the  independent  vari¬ 
able  is  time,  this  associated  complex  function  is 
known  as  the  analytic  signal  and  the  HT  v(t)  is  called 
quadrature  (or  conjugate)  function  of  u(t).  For 
example,  the  quadrature  function  of  cos(t)  is  sin(j) 
and  the  corresponding  analytic  signal  is  e;Y. 

The  application  of  the  HT  to  the  initial  signal 
provides  some  additional  information  about  ampli- 


*David  Hilbert,  bom  23  January  1862  in  Konigsberg,  Prussia  (now 
Kaliningrad,  Russia),  died  14  February  1943  in  Gottingen,  Germany.  David 
Hilbert  was  one  of  the  world’s  greatest  mathematicians.  Hilbert  contributed 
to  many  branches  of  mathematics,  including  invariants,  algebraic  number 
fields,  functional  analysis,  integral  equations,  mathematical  physics,  and  the 
calculus  of  variations.  He  invented  the  space  of  wave  functions  used  in 
quantum  mechanics. 


tude,  instantaneous  phase,  and  frequency  of  vibra¬ 
tions.  This  information  can  be  useful  when  applied 
to  analysis  of  vibrational  motions,  including  an 
inverse  problem  -  the  problem  of  vibration  system 
identification. 

Notation 

The  HT  of  the  function  u{t)  is  defined  by  an  integral 
transform: 

oo 

H[x(t)}=x(t)  =  n-1  J  [1] 

— OO 

Because  of  the  possible  singularity  at  t  =  t,  the  inte¬ 
gral  is  to  be  considered  as  a  Cauchy  principal  value. 
The  HT  is  equivalent  to  an  interesting  kind  of  filter,  in 
which  the  amplitudes  of  the  spectral  components  are 
left  unchanged,  but  their  phases  are  shifted  by  —  rt/2 
(Figure  1). 

Properties  of  the  HT 

The  HT  of  a  real-valued  function  x(t)  extending  from 
—  oo  to  4-  oo  is  a  real  valued  function  defined  by  eqn 
[1].  Thus,  x(t)  is  the  convolution  integral  of  x{t)  with 
1  /nty  written  as  x(t)  =  x(t)'l/nt.  The  HT  of  a  con¬ 
stant  is  zero.  The  double  HT  (the  HT  of  a  HT)  yields 
the  original  function  having  the  opposite  sign,  hence 


Figure  1  Real  signal  x (t),  Hilbert  transform  x(t),  and  the  signal 
envelope  A(t). 


QUASI-STEADY  BINGHAM  BIPLASTIC 
ANALYSIS  OF  ELECTRORHEOLOGICAL  AND 
MAGNETORHEOLOGICAL  DAMPERS 

Glen  A.  Dimock*  Jin-Hyeong  YooJ  and  Norman  M.  Wereley  * 

Smart  Structures  Laboratory 
Department  of  Aerospace  Engineering 
University  of  Maryland 
College  Park  MD  20742  USA 

ABSTRACT 

Electrorheological  (ER)  and  Magnetorheological  (MR)  fluids  are  characterized  by  an  increase  in 
dynamic  yield  stress  upon  application  of  a  magnetic  field.  The  Bingham  plastic  model  has  proven 
useful  in  modeling  flow  mode  dampers  utilizing  ER  and  MR  fluids.  However,  certain  MR  fluids 
can  exhibit  shear  thinning  behavior,  wherein  the  fluid’s  apparent  plastic  viscosity  decreases  at  high 
shear  rates.  The  Bingham  plastic  model  does  not  account  for  such  behavior,  resulting  in  over¬ 
prediction  of  equivalent  viscous  damping.  We  present  a  Bingham  biplastic  model  that  can  account 
for  both  shear  thinning  and  shear  thickening  behaviors.  This  approach  assumes  a  bilinear  post¬ 
yield  viscosity,  with  a  critical  shear  rate  specifying  the  region  of  high  shear  rate  flow.  Furthermore, 
the  model  introduces  non-dimensional  terms  to  account  for  the  additional  parameters  associated 
with  shear  thinning  and  thickening.  A  comparison  is  made  between  Bingham  plastic  and  Bingham 
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biplastic  force  responses  to  constant  velocity  input,  and  equivalent  viscous  damping  is  examined 
with  respect  to  nondimensional  parameters. 

Keywords:  ER(Electrorheological)  Fluid,  MR(Magnetorheological)  Fluid,  Shear  Thinning, 
Shear  Thickening,  Bingham  plastic  model,  Bingham  biplastic  model. 

1.  INTRODUCTION 

Magnetorheological  (MR)  fluids  and  electrorheological  (ER)  fluids  have  been  proposed  for  a  wide 
variety  of  engineering  devices  requiring  semi-active  damping  (Carlson  et  al.,  1999).  These  fluids, 
demonstrated  to  be  qualitatively  similar,  are  characterized  by  a  field-dependent  yield  stress  (Weiss 
et  al.,  1994).  Because  of  their  field-dependent  properties,  ER  and  MR  fluids  have  been  utilized 
in  a  number  of  control  studies  to  reduce  transmissibility  in  civil  structures  (Spencer  et  al.,  1998; 
Hiemenz  and  Wereley,  1999),  automotive  systems,  and  other  dynamical  systems  (Jeon  et  al.,  1999; 
Sharp  et  al.,  1986).  This  paper  will  focus  on  MR  fluids,  which  respond  to  a  magnetic  field  and  have 
achieved  greater  commercial  success  in  practical  devices  than  their  ER  counterparts  (Stanway  et 
al.,  1996,  Jolly  et  al.,  1999). 

MR  fluids  are  known  to  exhibit  a  number  of  nonlinear  phenomena.  A  wide  variety  of  nonlinear 
models  have  been  used  to  characterize  MR  fluids  and  devices,  including  the  Bingham  Plastic  model 
(Phillips,  1969),  biviscous  models  (Stanway  et  al.,  1996),  hysteretic  biviscous  models  (Wereley  et  al., 
1998),  and  mechanism-based  models  (Kamath  and  Wereley,  1997;  Sims  et  al.,  1999).  One  nonlinear 
phenomenon,  shear  thinning,  refers  to  the  reduction  in  apparent  viscosity  at  high  shear  rates  (Jolly 
et  al.,  1999)  and  has  traditionally  been  modeled  with  power-law  or  exponential  functions  (Wang  et 
al.,  1999,  and  Wolff  et  al.,  1998).  These  models  are  complex,  and  a  less  complex  alternative  is  to 
extend  the  widely-accepted  Bingham  plastic  model. 

The  Bingham  plastic  model  has  been  successfully  used  in  previous  studies  to  model  field 
dependent  rheological  fluids  (Kamath  et  al.,  1996;  Block  and  Kelly,  1988).  This  model  considers  a 


fluid  with  a  dynamic  yield  stress,  beyond  which  a  linear  plastic  viscosity  is  observed.  When  applied 
to  flow  between  two  parallel  plates,  the  Bingham  plastic  model  predicts  a  region  of  fluid  that  does 
not  shear,  having  not  reached  the  dynamic  yield  stress.  Approaching  the  walls,  the  fluid  shear  rate 
increases  as  the  shear  stress  increases.  For  high  rod  velocity  and  small  gap  size,  this  shear  rate 
can  reach  values  known  to  cause  shear  thinning  (Jolly  et  al.,  1999).  The  Bingham  plastic  model 
predicts  a  constant  plastic  viscosity  for  all  shear  rates,  but  this  assumption  can  be  inaccurate  at 
high  shear  rates. 

This  paper  proposes  a  modified  Bingham  plastic  model  to  account  for  shear  thinning.  Rather 
than  fit  an  exponential  curve  to  the  post-yield  viscosity,  the  Bingham  biplastic  approach  considers 
biplastic  post-yield  behavior.  This  approach,  while  clearly  a  simplification,  may  be  accurate  enough 
to  model  MR  fluid  in  most  situations.  Furthermore,  the  resulting  model  is  simple  enough  to  readily 
compare  to  the  Bingham  plastic  case.  For  the  new  model,  two  parameters  are  added  to  the  Bingham 
plastic  model.  Shear  thinning  is  assumed  to  occur  at  a  fixed  critical  shear  rate,  after  which  the  fluid 
exhibits  a  high  shear  rate  viscosity,  and  both  of  these  parameters  are  assumed  to  be  independent 
of  field  or  shear  rate.  The  new  parameters  are  nondimensionalized  for  comparison  to  the  Bingham 
plastic  model.  Finally,  the  Bingham  biplastic  relations  are  shown  to  reduce  down  to  Bingham 
plastic  equivalents  when  limiting  cases  suggest  Bingham  plastic  flow. 

2.  DAMPER  ANALYSIS 

We  will  consider  dampers,  with  an  annular  duct  or  valve  in  the  piston  head,  that  operate  in  the 
flow  mode  of  operation,  that  is  Poisieulle  flow. 

2.1.  Flow  mode 

Fig.  1  depicts  a  magnetorheological  damper  operating  in  the  flow  mode.  A  force  F  is  applied  to  the 
damper  shaft,  resulting  in  a  pressure  differential  A P  across  an  annular  valve  in  the  piston  head. 


As  a  result,  fluid  flows  through  the  annular  valve,  resulting  in  shaft  motion  of  velocity  no-  First,  we 
assume  that  the  annular  gap,  d,  is  very  small  relative  to  the  inner  radius  of  the  annulus,  R,  so  that 
the  annular  duct  may  be  approximated  by  a  rectangular  duct  or  two  parallel  plates.  The  width  of 
the  rectangular  duct  is  denoted  by  b,  and  is  related  to  the  circumference  of  the  centerline  of  the 
the  annular  duct  as  below: 

(1) 

A  further  consequence  of  the  small  gap  assumption  is  that  the  velocity  profile  across  the  annular 
gap  is  response  to  a  linear  pressure  gradient  must  be  symmetric  across  the  valve.  Thus,  we  make 
the  following  assumptions:  (1)  the  gap  is  assumed  to  be  small  relative  to  the  annular  radius  (as 
above),  (2)  the  fluid  is  incompressible;  (3)  the  flow  is  fully  developed  along  the  entire  finite  active 
length  of  the  valve,  that  is,  the  length  over  which  the  field  is  applied,  so  that  we  assume  a  ID 
problem;  (4)  the  flow  is  assumed  to  be  steady  or  quasisteady,  so  that  acceleration  terms  can  be 
neglected;  (5)  a  linear  (shaft)  axial  pressure  gradient  is  assumed,  so  that  the  pressure  gradient  is 
the  pressure  drop,  AP,  over  the  length  of  the  valve,  L.  Therefore,  we  use  a  simplified  form  of  the 


governing  equation  for  Poiseuille  flow  in  a  rectangular  duct  as  below  (Wereley  and  Pang,  1998) 


dr  =  AP 
dy  L 


(2) 


where  AP  =  Pjn  —  Pout-  Here,  P;n  and  and  Pou t  are  the  pressures  at  the  inlet  and  outlet  of  the  MR 


valve,  respectively. 


2.2.  Newtonian  flow 


The  Newtonian  constitutive  relationship  is 


du 


(3) 


Differentiating  Eq.  3  with  respect  to  y  and  substituting  the  result  into  the  governing  Eq.  2  yields 


Integrating  Eq.  4  twice  with  respect  to  y  and  applying  the  velocity  boundary  conditions  at  the 


walls  of  the  valve, 


“H) 


leads  to  the  familiar  Newtonian  parabolic  velocity  profile 


u  =  57TF  (rf2  “  V) 


Integrating  the  governing  equation,  Eq.  2,  and  applying  the  shear  stress  boundary  condition,  r  (0)  = 
0,  gives  the  shear  stress  profile  between  the  two  parallel  plates  of  the  valve  as 

A  P 

T  ^  =  — L~y  (8) 

Integrating  the  velocity  profile  across  the  gap  yields  the  total  volume  flux  through  the  annulus 


ri 

Q  =  b  I  u(y)dy 


bd3AP 
12  nL 

Noting  that  Q  =  Apv o,  and  that  A P  =  Eq.  9  can  be  expressed  as 

F  =  Cv o 

where  the  Newtonian  viscous  damping,  C,  is  given  by 


12  A2pfiL 
bd 3 


2.3.  Bingham  plastic  flow 

A  Bingham  plastic  material  is  characterized  by  a  dynamic  yield  stress,  ry.  In  the  presence  of 
applied  field,  the  fluid  particles  align  with  the  applied  field  (Fig.  2).  Fig.  3  shows  an  optical 


photomicrograph  of  MR  particle  chain  formation.  According  to  the  idealized  Bingham-plastic 
constitutive  relationship,  if  the  shear  stress  is  less  than  the  dynamic  yield  stress,  then  the  fluid  is 
in  the  preyield  condition.  In  this  preyield  condition  the  fluid  is  assumed  to  be  a  rigid  material. 
Shearing  does  not  occur  until  the  local  shear  stress,  r,  exceeds  the  dynamic  yield  stress,  ry.  Once 
the  local  shear  stress  exceeds  the  dynamic  yield  stress,  the  material  flows  with  a  plastic  viscosity 
of  /z.  Therefore,  the  post-yield  shear  stress  can  be  expressed  as 


r  =  resign 


du 


(12) 


Thus,  a  Newtonian  fluid  can  be  viewed  as  a  Bingham  plastic  material  with  a  dynamic  yield 
stress  of  zero  (Fig.  4).  For  an  MR  fluid,  the  dynamic  yield  stress  can  be  approximated  by  a  power 
law  function  of  the  magnetic  field. 

Two  distinct  flow  regions  (Fig.  4)  arise.  The  central  plug  region,  or  Region  1,  is  characterized 
by  the  local  shear  stress  being  less  than  the  fluid  yield  stress  ry,  so  that  the  shear  rate  or  velocity 
gradient  is  zero.  This  width  of  the  pre-yield  region  is  denoted  by  the  plug  thickness,  S,  which  is 
nondimensionalized  with  respect  to  the  gap  between  the  two  parallel  plates  of  the  valve  as 


6  = 


ZLjy 

dAP 


(13) 


The  second  region  is  the  postyield  region  where  the  local  shear  stress  is  greater  than  the  yield  stress 
of  the  fluid.  The  velocity  profile  for  Bingham  plastic  flow  between  parallel  plates  with  uniform  field 
is  (Wereley  and  Pang,  1998): 


_  bd3AP  .  r2  /  S\ 

Q=1W{1~S)  (1  +  2 ) 


(15) 


Equating  the  volume  flux  displaced  by  the  piston  head  to  that  through  the  annular  duct,  leads  to 


F  =  Cegv  o 


where  the  equivalent  viscous  damping  is  given  by 


Ceq  = 


(1  -  s)2  (l  + 1) 


2.4.  Bingham  biplastic  flow 


Shear  thinning  refers  to  the  decrease  of  apparent  viscosity  at  high  shear  rates  and  is  an  important 
characteristic  of  MR  fluids,  as  shown  in  Fig.  5  (Jolly  et  al,  1999).  To  account  for  this  behavior,  we 
will  consider  a  Bingham  biplastic  material  with  two  distinct  linear  post-yield  viscosities.  A  critical 
shear  rate,  7 *,  marks  the  boundary  between  the  low  shear  rate  viscosity,  //o,  and  the  high  shear 
rate  viscosity,  .  Fig.  6  shows  the  effects  of  shear  thinning  and  shear  thickening  in  this  analysis. 

By  calculating  force  equilibrium  across  the  gap,  the  shear  stress  can  be  obtained  in  terms  of 
pressure  drop,  A P,  as 


This  expression  is  useful  when  calculating  the  velocity  profile.  By  inspection  of  Fig.  6,  the  shear 
stress  can  also  be  written  in  terms  of  the  Bingham  biplastic  fluid  parameters  as 


resign 


(f )  +»$ 


.if  0<  &  <7« 


[T>  +  («-/*i)T<]sign(|!)+/<l(:|)  ,  if 


%  >•*> 


Note  that  the  high  shear  rate  equation  specializes  to  the  Bingham  plastic  case  for  equal  low 
and  high  shear  rate  viscosities,  /Jo  and  Also,  this  analysis  can  account  for  shear  thickening, 


where  H\>  hq. 


Bingham  biplastic  flow  consists  of  three  regions,  each  symmetric  about  the  gap-center  axis 
(Fig.  7).  The  central  plug  region  or  Region  1  or  the  pre-yield  region,  is  identical  to  the  Bingham 


plastic  pre-yield  plug,  where  the  local  shear  stress  has  not  yet  exceeded  the  dynamic  yield  stress. 
Region  2,  the  post-yield,  low  shear  rate  region,  consists  of  fluid  that  has  yielded  but  has  not  reached 
the  critical  shear  rate,  7 1,  or  the  onset  of  shear  thinning  or  thickening.  Region  3,  the  post-yield, 
high  shear  rate  region,  contains  fluid  exhibiting  shear  thinning  or  thickening  behavior  at  high  shear 
rates.  The  velocity  profile  is  obtained  by  summing  forces  and  applying  the  appropriate  boundary 
conditions  in  each  region. 

In  calculating  the  velocity  profile,  y  is  chosen  to  originate  at  the  gap  center,  and  the  flow  is 
examined  on  only  one  side  of  the  gap.  Because  the  velocity  profile  is  symmetric  about  the  gap- 
central  axis  in  a  parallel  plate  analysis,  the  resulting  volume  flux  equations  are  doubled  to  obtain 
total  volume  flux.  Note  that  this  approach  is  a  change  from  the  original  Bingham  plastic  analysis, 
where  the  y  axis  was  measured  from  one  side  of  the  gap  (Wereley  and  Pang,  1998). 

Force  equilibrium  yields  distances  yy  and  yt,  which  define  the  flow  regions  as  below 

v  _  =  hL. 

Vy  2  A  P 

„  _  ft  _  imL  tvl 

Vt  2  AP  +AP 

It  can  be  noted  that  yt  does  not  depend  on  the  high  shear  rate  viscosity,  pi,  and  that  this 


value  approaches  yy  as  critical  shear  rate  7 1  approaches  zero. 

Note  that  Sy  is  equivalent  to  the  Bingham  plastic  plug  thickness,  S,  and  St  represents  the  low 
shear  rate  region.  These  parameters  are  nondimensionalized  with  respect  to  the  gap  width  as 


2  tvL 

IKP 


27/zo  L  2  TyL 
dAP  +dAP 


(22) 

(23) 


2.4.1.  Region  3:  Postyield  and  high  shear  rate 


The  boundary  condition  for  region  3  dictates  zero  flow  at  the  walls 


In  this  region,  Eq.  19  gives  the  shear  stress  as 


r  =  -  [ry  +  (fj,0  -  ni)  it]  +  A*i ‘ 


The  velocity  profile  in  region  3  is  obtained  by  integrating  Eq.  25  across  the  region  and  substi¬ 
tuting  Eq.  18  for  r.  Applying  the  aforementioned  boundary  condition  gives 

u3  ( y )  =  ^  +  rv  +  it  (m o  -  ^i)  (26) 

2.4.2.  Region  2:  Postyield  and  low  shear  rate 

In  region  2,  the  boundary  condition  requires  flow  continuity  between  regions  2  and  3: 


U2  ( Vt )  =  «3  (yt) 


Because  region  2  does  not  experience  shear  thinning,  Eq.  19  gives  the  shear  stress  as 


r  =  -Ty  +  no-r 


Note  that  the  shear  stress  in  region  2  corresponds  to  that  of  a  Bingham  plastic  material. 

The  region  2  velocity  profile  is  calculated  by  integrating  Eq.  28  across  the  region  and  applying 
the  flow-continuity  boundary  condition.  Eq.  20  and  Eq.  21  define  the  locations  of  regions  2  and  3, 
and  we  obtain 

u2  (y)  =^~  ( Ty  -  ^-y  j  y 

M  '  (29) 
1  f  A  P  L2  1  V  y 

+  2^  {  ~d2  ~  dL  ^  +  ^  ~  **i)J  +  a p(Ty  +  0 )2  (!  -  p)j 

where  the  viscosity  ratio,  /2,  is  defined  as 


-  V-i 
n  =  — 
1*0 


2.4.3.  Region  1:  Preyield 


In  region  1,  the  fluid  flows  with  a  uniform  velocity,  because  the  local  shear  stress  throughout  this 
region  has  not  exceeded  the  yield  stress.  Thus,  given  the  boundary  condition  of  flow  continuity 


between  regions  1  and  2,  the  pre-yield  plug  velocity  may  be  found  by  substituting  Eq.  20  into  Eq. 
29  to  give 

t^L  If  A  P  1 ?  1 

“l  ^  =  2f^AP  +  ~L^Ty+  ^  “  Vi)]  d+-£p(Ty  +  it  Vo)2  (1  -  £)  J  (31) 

2.4.4.  Flow  rate 

Total  flow  rate  will  be  examined  in  terms  of  the  flow  properties,  Sy  and  6f  These  properties,  in 
turn,  depend  on  fluid  parameters  and  applied  pressure  differential.  Therefore,  with  knowledge  of 
the  fluid  properties  and  damper  geometry,  flow  rate  can  be  predicted  in  terms  of  applied  force. 


The  total  volume  flux  is  then 


bd?AP 

12fioL 


(35) 


The  velocity  profile  in  the  case  of  shear  thinning  is  plotted  as  a  function  of  field  and  viscosity 
ratio,  p,  in  Fig.  8.  Note  the  effects  of  these  parameters  on  the  size  of  the  pre-yield  region,  Sy, 
and  the  location  of  the  extent  of  shear  thinning,  the  region  outside  Increasing  field  widens  the 
pre-yield  region,  6y,  and  a  higher  critical  shear  rate  increases  the  size  of  low  shear  rate  region,  <5*. 


3.  CONSTANT  VELOCITY  INPUT 

For  flow  mode  damper  analysis,  it  is  useful  to  consider  force  response  for  a  given  velocity.  For 
Bingham  plastic  flow,  this  response  depends  on  plastic  viscosity,  fi,  yield  stress,  ry,  and  the  damper 
geometry.  However,  in  the  event  of  shear  thinning,  several  new  parameters  must  be  considered. 
The  high  shear  rate  behavior  depends  both  on  critical  shear  rate,  jt,  and  on  the  high  shear  rate 
viscosity,  fj,\. 

By  noting  that  Q  =  Apv o  and  that  A P  =  Eq.  35  can  be  manipulated  to  give  a  polynomial 
expression  for  applied  force  F  with  respect  to  rod  velocity  vq 

ps  (tv7S|z)  +  p2  {”» +  [T '» +  *  (m  ■ ,,l)1} 

2  (36) 

-  (^~)  iTy  +  7*  _  /*i)  (3ry  +  37 tTy  -  7tVo)]  =  o 

The  roots  of  this  polynomial  are  solved  numerically,  and  the  single  vahd  root  is  determined. 

For  a  Bingham  plastic  material,  the  fluid  yield  stress  causes  a  yield  force  in  the  damper,  and  the 

post-yield  plastic  viscosity  causes  nearly  linear  post-yield  damping.  Shear  thinning  modifies  this 

profile,  due  to  a  bilinear  post-yield  viscosity,  characterized  by  a  critical  shear  rate. 

Fig.  9  depicts  the  theoretical  effects  of  shear  thinning  and  thickening  on  a  typical  MR  damper 

filled  with  Lord  MRF-336AG  MR  fluid.  For  this  simulation,  we  chose  nominal  damper  dimensions  of 

d  —  0.8  mm  (gap),  L  =  10.2  mm  (active  length)  and  b  =  28.4  mm  (piston  head  diameter).  The  Lord 


MR  fluid  has  nominal  properties  of  ry  =  58  kPa  (yield  stress  at  1  Tesla)  and  /x  =  1  Pa-sec  (viscosity 
at  a  550/sec  shear  rate).  The  steady-state  force  response  is  plotted  with  respect  to  velocity,  and  the 
results  are  compared  to  the  Bingham  plastic  case  in  various  shear  thinning/thickening  scenarios. 
Both  plots  show  the  effects  of  shear  thinning  and  thickening  (/2  =  0.5  and  p,  =  5,  respectively) 
occuring  at  a  critical  shear  rate  of  jt  =  7000/sec. 

4.  NONDIMENSIONAL  ANALYSIS 

For  damper  sizing  purposes,  we  examine  equivalent  viscous  damping,  Ceq,  in  nondimensional  terms, 
with  and  without  shear  thinning  or  thickening.  The  equivalent  viscous  damping  is  nondimensional- 
ized  with  respect  to  Newtonian  damping,  Cn,  and  special  considerations  are  made  for  shear  thinning 
The  nondimensional  damping  term  is  compared  to  various  nondimensionalized  flow  properties  as 
follows. 

4.1.  Bingham  plastic  flow 

Noting  that  Q  =  Apv o,  and  that  A P  =  £ ,  Eq.  15  can  be  expressed  as 

F  —  CeqVQ  (37) 

where  Ceq  represents  the  equivalent  viscous  damping  for  a  Bingham  plastic  flow.  The  ratio  of 
Ceq  to  the  Newtonian  damping  constant,  C,  is 

9l±  _ I _  /38\ 

c  (i-s)2(i+!) 

The  damping  coefficient  -ff-  indicates  the  dynamic  range  of  the  damper  because  it  is  the  ratio 
of  the  field  dependent  damping  to  the  zero  field  damping.  Note  that  as  the  shear  rate  becomes  very 
high  or  the  applied  magnetic  field  becomes  very  low,  the  nondimensional  plug  thickness  approaches 
zero,  and  the  damper  exhibits  a  dynamic  range  of  1.  In  this  case,  the  damper  behaves  as  a  passive 
viscous  damper.  Similarly,  at  low  shear  rates  or  high  applied  magnetic  fields,  the  plug  thickness 
increases,  giving  the  damper  a  high  dynamic  range. 


4.2.  Bingham  biplastic  flow  with  Newtonian  normalization 

To  determine  the  Bingham  biplastic  damping  coefficient,  an  appropriate  value  of  C  must  be  chosen 
for  the  normalization.  In  the  Bingham  plastic  case,  Ceq  is  simply  normalized  with  respect  to 
Newtonian  damping,  C,  which  also  corresponds  to  the  zero-field  Bingham  plastic  case.  If  we 
normalize  Bingham  biplastic  damping,  Ceqit,  with  respect  to  Newtonian  damping  as  illustrated  in 
Fig.  10,  we  obtain  the  relation 


Ceq,t  _  _ 1 _ 

c  ~  (i  -  4) 2  (i  + 1)  -  (i  -  it)2  (i  +  k)  (i  -  i) 


(39) 


where  Newtonian  damping,  C,  is  given  by  Eq.  11,  and  we  have  set  the  Newtonian  viscosity  equal  to 
the  low  shear  rate  viscosity,  fig.  Note  that  this  normalization  is  ineffective  at  high  shear  rates,  where 
it  indicates  an  unrealistic  dynamic  range  for  the  damper.  As  the  shear  rate  gets  very  large  ( 5y  — ►  0), 
the  damper  should  exhibit  pure  viscous  damping,  with  a  damping  coefficient  of  1.  However,  because 
this  normalization  does  not  allow  for  shear  thinning  in  the  Newtonian  damping  value,  Ceq>t  does 
not  approach  C  at  high  shear  rates. 


4.3.  Bingham  biplastic  flow  with  zero-field  damper  normalization 

Bingham  biplastic  damping,  Ceq>t,  is  more  appropriately  normalized  with  respect  to  the  zero-field 
biplastic  case,  Ct ,  which  is  defined  as 


Ct  —  Ceq>t  as  Sy  — Y  0  (40) 

This  normalization  accurately  predicts  the  damper’s  dynamic  range  at  all  shear  rates,  as 
illustrated  in  Fig.  11. 

When  Ceq,t  is  compared  to  the  equivalent  zero-field  case  with  shear  thinning,  Ct,  the  damping 
coefficient  becomes 


1 

MK1-*) 

(1  -  hf  \ 

(l+l)-(l-J,)2 

M) 

M) 

(41) 


4.4.  Variation  of  biplastic  parameters 

Bingham  biplastic  flow  depends  on  two  additional  nondimensional  parameters.  First,  the  ratio  of 
low  and  high  shear  rate  viscosity  is  defined  by  the  viscosity  ratio,  p.  Secondly,  critical  shear  rate, 
7,  will  be  nondimensionalized  with  a  new  parameter,  e. 

From  Eq.  22,  it  can  be  seen  that  the  size  of  the  low  shear  rate  region  depends  on  critical  shear 
rate  but  not  on  the  high  shear  rate  viscosity.  Therefore,  a  nondimensional  term  including  St  will 
provide  information  about  jt  independently  of  ft.  We  define  a  ratio,  e,  as 


1  -St 

1  -L 


(42) 


where  e  represents  the  extent  of  shear  thinning  or  thickening  in  the  gap,  which  is  the  ratio  of 
fluid  exhibiting  shear  thinning  to  the  total  amount  of  post-yield  fluid.  When  e  approaches  1,  all 
post-yield  fluid  is  undergoing  shear  thinning.  Similarly,  as  t  approaches  0,  no  fluid  exhibits  shear 
thinning.  It  is  important  to  use  e  instead  of  St  when  nondimensionalizing  the  damper  properties, 
because  5t  can  never  be  smaller  than  Sy;  shear  thinning  does  not  apply  within  the  pre-yield  region. 
This  would  restrict  the  scope  of  the  nondimensional  analysis.  Therefore,  St  is  incorporated  into  a 
parameter  that  can  vary  independently  of  Sy. 

By  substituting  Eq.  42  into  Eqs.  39  and  41,  the  damping  coefficients  can  be  expressed  in  terms 
of  e  as 


Ceq,t  _ 

1  1 

(43) 

c 

(1  -  4)2  {1  +  4/2  -  £-2  [3  -  £  (1  -  4)]  /2}  (1  -  1/P) 

1 

1  -  f-  (1  -  4 )2  [3  -  e(l  -  4)1  (1  -  l/A)  /2  ..  1 

(44) 

Ct 

(l-4)2{l  +  4/2-e2[3-e(l-4)]/2}  (1  -  l//i) 

Given  these  relations,  shear  thinning  behavior  may  be  compared  to  Bingham  plastic  behavior, 
which  is  represented  on  all  plots  by  a  dashed  line.  Fig.  12  shows  variation  in  viscosity  ratio,  p.  for 
low  and  high  values  of  the  shear  thinning  ratio,  e.  This  plot  uses  the  normalization  and 

demonstrates  the  effect  of  shear  thinning  extent  on  damping  coefficient.  As  would  be  expected, 


shear  thinning  and  thickening  are  more  noticeable  at  high  values  of  e,  where  they  substantially 
impact  the  dynamic  range  of  the  damper.  Note  that  shear  thinning  lowers  the  damping  coefficient, 
while  shear  thickening  raises  the  damping  coefficient. 

5.  LIMITING  CASES 

The  shear  thinning  relations  can  be  shown  to  collapse  down  to  equivalent  Bingham  plastic  equations 
in  various  limiting  cases. 

5.1.  Extreme  shear  rates 

When  the  shear  rate,  has  not  yet  reached  the  critical  shear  rate,  the  fluid  exhibits  only  two 
velocity  profile  regions.  Here,  St  =  1,  and  all  the  region  3  terms  in  the  shear  thinning  equations 
approach  zero.  Therefore,  these  equations  collapse  down  to  Bingham  plastic  equivalents.  Indeed, 
it  can  be  seen  from  Fig.  6  that  the  fluid  behaves  as  a  Bingham  plastic  material  at  low  shear  rates. 

When  the  shear  rate  is  small,  it  may  be  seen  from  Eq.  22  that  St  approaches  Sy.  In  this  case, 
the  fluid  is  dominated  by  shear  thinning,  as  region  2  disappears.  Similar  to  the  low  shear  rate  case, 
high  shear  rates  result  in  a  Bingham  plastic  material,  where  6t  =  Sy.  Again,  the  shear  thinning 
equations  collapse  down  to  Bingham  plastic  equivalents,  where  the  fluid  exhibits  a  plastic  viscosity 
Hi- 


5.2.  Colinear  post-yield  viscosities 

When  the  low  shear  rate  viscosity,  no,  approaches  the  high  shear  rate  viscosity,  Hi,  Eq.  30  demon¬ 
strates  that  the  viscosity  ratio,  p,  approaches  1.  Furthermore,  it  can  be  shown  that  all  of  the 
Bingham  biplastic  relations  collapse  down  to  equivalent  Bingham  plastic  equations  with  viscosity 


Ho  —  Hi- 


6.  CONCLUSIONS 


MR  fluids  have  been  successfully  modeled  with  the  Bingham  plastic  model,  but  these  fluids  are 
known  to  exhibit  shear  thinning.  In  this  analysis,  the  Bingham  plastic  model  is  extended  to  account 
for  shear  thinning  or  thickening,  which  is  the  respective  decrease  or  increase  of  viscosity  at  high 
shear  rates.  Shear  thinning  or  thickening  over  a  given  shear  rate  range  is  approximated  by  low 
and  high  shear  rate  regions,  each  of  which  is  characterized  by  a  unique  linear  plastic  viscosity.  A 
critical  shear  rate  divides  the  two  regions. 

Nondimensional  parameters  are  introduced  to  account  for  the  ratio  of  low  and  high  shear 
rate  viscosity,  as  well  as  critical  shear  rate.  When  coupled  with  Bingham  plastic  nondimensional 
parameters,  these  relationships  show  the  expected  effects  of  shear  thinning  or  thickening  on  MR 
damper  performance.  The  damping  coefficient  indicates  the  dynamic  range  of  the  damper  and  is 
compared  to  the  Bingham  plastic  case.  With  shear  thinning,  we  observe  that  the  damper  exhibits 
a  lower  dynamic  range  and  must  be  operated  at  higher  magnetic  fields  or  lower  speeds  to  achieve 
a  given  damping  coefficient.  The  opposite  is  true  of  shear  thickening. 
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Figure  1.  Typical  magnetorheological  damper 


Figure  2.  A  schematic  of  particle  chain  formation  in  a  magnetorheological  fluid  and  traditional 
shear  stress  diagram  for  Bingam  plastic  model 


Figure  3.  Optical  photomicrograph  of  particle  chain  formation  in  a  magnetorheological  fluid  under 
a  passive  magnetic  field. 


Figure  4.  Bingham  plastic  shear  stress  and  velocity  profiles  across  the  gap  in  a  MR  rectangular 
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Figure  6.  Bingham  biplastic  shear  stress  vs, 
thickening 


shear  rate  for  (a)  shear  thinning  and  (b)  shear 
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Figure  7.  Bingham  biplastic  shear  stress  and  velocity  profiles  across  the  gap  in  a  MR  rectangular 


duct  valve, 
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Figure  8.  The  velocity  profile  of  a  Bingham  biplastic  material  with  (a)  shear  thinning  and  (b) 
thickening  is  compared  to  that  of  a  Bingham  plastic  material 


Velocity  (m/s)  Velocity  (m/s) 

(a)  Zero  field  (b)  1  Tesla 

Figure  9.  Force  vs.  Velocity  for  varying  yield  force,  critical  shear  rate,  and  viscosity  ratio  for  (a) 
zero  field  and  (b)  1  Tesla 


Figure  10.  Normalization  of  damping  force  and  damping  coefficient  with  respect  to  Newtonian 
damping  C 


Figure  11.  Normalization  of  damping  force  and  damping  coefficient  with  respect  to  zero-field 
damping  with  shear  thinning 
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Figure  12.  vs.  $y  for  varying  e  and  /i 


